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The RELAP5-3D® manuals are living documents and are being corrected
and updated continuously. A printed version of the manuals is frozen and
archived when a code version is released. This version of the manual
corresponds to RELAP5-3D® version 2.0, released in July, 2002.
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ABSTRACT

The RELAP5-3D® code has been developed for best estimate transient simulation of light water
reactor coolant systems during postulated accidents. The code models the coupled behavior of the reactor
coolant system and the core for loss-of-coolant accidents, and operational transients, such as anticipated
transient without scram, loss of offsite power, loss of feedwater, and loss of flow. A generic modeling
approach is used that permits simulating a variety of thermal hydraulic systems. Control system and
secondary system components are included to permit modeling of plant controls, turbines, condensers, and
secondary feedwater systems.

RELAP5-3D® code documentation is divided into six volumes: Volume I provides modeling theory
and associated numerical schemes; Volume II contains detailed instructions for code application and input
data preparation; Volume III provides the results of developmental assessment cases that demonstrate and

verify the models used in the code; Volume IV presents a detailed discussion of RELAP5-3D® models
and correlations; Volume V contains guidelines that have evolved over the past several years through the

use of the RELAPS code; Volume VI discusses the numerical scheme used in RELAP5-3D°,
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EXECUTIVE SUMMARY

The RELAPS5 series of codes has been developed at the Idaho National Engineering and
Environmental Laboratory (INEEL) under sponsorship of the U.S. Department of Energy, the U.S.
Nuclear Regulatory Commission, members of the International Code Assessment and Applications
Program (ICAP), members of the Code Applications and Maintenance Program (CAMP), and members of
the International RELAPS Users Group (IRUG). Specific applications of the code have included
simulations of transients in light water reactor (LWR) systems such as loss of coolant, anticipated
transients without scram (ATWS), and operational transients such as loss of feedwater, loss of offsite

power, station blackout, and turbine trip. RELAP5-3D® , the latest in the series of RELAPS codes, is a
highly generic code that, in addition to calculating the behavior of a reactor coolant system during a
transient, can be used for simulation of a wide variety of hydraulic and thermal transients in both nuclear
and nonnuclear systems involving mixtures of vapor, liquid, noncondensable gases, and nonvolatile solute.

The mission of the RELAP5-3D® development program was to develop a code version suitable for
the analysis of all transients and postulated accidents in LWR systems, including both large- and

small-break loss-of-coolant accidents (LOCAs) as well as the full range of operational transients.

The RELAP5-3D® code is based on a nonhomogeneous and nonequilibrium model for the
two-phase system that is solved by a fast, partially implicit numerical scheme to permit economical

calculation of system transients. The objective of the RELAP5-3D® development effort from the outset
was to produce a code that included important first-order effects necessary for accurate prediction of
system transients but that was sufficiently simple and cost effective so that parametric or sensitivity studies
are possible.

The code includes many generic component models from which general systems can be simulated.
The component models include pumps, valves, pipes, heat releasing or absorbing structures, reactor
kinetics, electric heaters, jet pumps, turbines, separators, accumulators, and control system components. In
addition, special process models are included for effects such as form loss, flow at an abrupt area change,
branching, choked flow, boron tracking, and noncondensable gas transport.

The system mathematical models are coupled into an efficient code structure. The code includes
extensive input checking capability to help the user discover input errors and inconsistencies. Also
included are free-format input, restart, renodalization, and variable output edit features. These user
conveniences were developed in recognition that generally the major cost associated with the use of a
system transient code is in the engineering labor and time involved in accumulating system data and
developing system models, while the computer cost associated with generation of the final result is usually
small.

The development of the models and code revisions that constitute RELAPS -3D® has spanned more

than two decades from the early stages of RELAP5-3D® numerical scheme development (circa 1976) to

the present. RELAP5-3D® represents the aggregate accumulation of experience in modeling core
behavior during accidents, two-phase flow process, and LWR systems. The code development has
benefited from extensive application and comparison to experimental data in the LOFT, PBF, Semiscale,
ACRR, NRU, and other experimental programs.
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The RELAP5-3D®  version contains several important enhancements over previous versions of the

code. The most prominent attribute that distinguishes the RELAP5-3D®  code from the previous versions
is the fully integrated, multi-dimensional thermal- hydraulic and kinetic modeling capability. This removes
any restrictions on the applicability of the code to the full range of postulated reactor accidents.
Enhancements include a new matrix solver for 3D problems, new thermodanamic properties for water,
and improved time advancement for greater robustness. The multi-dimensional component in

RELAP5-3D®  was developed to allow the user to more accurately model the multi-dimensional flow
behavior that can be exhibited in any component or region of a LWR system. Typically, this will be the
lower plenum, core, upper plenum and downcomer regions of an LWR. However, the model is general,
and is not restricted to use in the reactor vessel. The component defines a one, two, or three- dimensional
array of volumes and the internal junctions connecting them. The geometry can be either Cartesian (X, y, z)
or cylindrical (r, 6, z). An orthogonal, three-dimensional grid is defined by mesh interval input data in each

of the three coordinate directions. The multi-dimensional neutron kinetics model in RELAP5-3D® s
based on the NESTLE code, which solves the two or four group neutron diffusion equations in either
Cartesian or hexagonal geometry using the Nodal Expansion Method (NEM) and the non-linear iteration
technique. Three, two, or one-dimensional models may be used. Several different core symmetry options
are available including quarter, half, and full core options for Cartesian geometry and 1/6, 1/3, and full core
options for hexagonal geometry. Zero flux, non-reentrant current, reflective, and cyclic boundary
conditions are available. The steady-state eigenvalue and time dependent neutron flux problems can be

solved by the NESTLE code as implemented in RELAP5-3D® . The new Border Profiled Lower Upper
(BPLU) matrix solver is used to efficiently solve sparse linear systems of the form AX = B. BPLU is
designed to take advantage of pipelines, vector hardware, and shared-memory parallel architecture to run
fast. BPLU is most efficient for solving systems that correspond to networks, such as pipes, but is efficient
for any system that it can permute into border-banded form. Speed-ups over the default solver are achieved

in RELAP5-3D® running with BPLU on multi-dimensional problems, for which it was intended. For
almost all one-dimensional problems, the default solver is still recommended.

The RELAP5-3D® code manual consists of six separate volumes. The modeling theory and
associated numerical schemes are described in Volume I, to acquaint the user with the modeling base and
thus aid in effective use of the code. Volume II contains more detailed instructions for code application and
specific instructions for input data preparation.

Volume III provides the results of developmental assessment cases run with RELAP5-3D® to
demonstrate and verify the models used in the code. The assessment matrix contains phenomenological
problems, separate-effects tests, and integral systems tests.

Volume IV contains a detailed discussion of the models and correlations used in RELAP5-3D® . It
provides the user with the underlying assumptions and simplifications used to generate and implement the
base equations into the code so that an intelligent assessment of the applicability and accuracy of the

resulting calculations can be made. Thus, the user can determine whether RELAP5-3D® is capable of
modeling his or her particular application, whether the calculated results will be directly comparable to
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measurement or whether they must be interpreted in an average sense, and whether the results can be used
to make quantitative decisions.

Volume V provides guidelines for users that have evolved over the past several years from

applications of the RELAP5-3D®  code at the Idaho National Engineering and Environmental Laboratory,
at other national laboratories, and by users throughout the world.

Volume VI discusses the numerical scheme in RELAP5-3D® .

XV INEEL-EXT-98-00834-V2



RELAP5-3D/2.0

INEEL-EXT-98-00834-V2 XVi



RELAP5-3D/1.2a

ACKNOWLEDGMENTS

Development of a complex computer code such as RELAP5-3D® is the result of team effort and
requires the diverse talents of a large number of people. Special acknowledgment is given to those who
pioneered in the development of the RELAPS series of codes. In particular, V. H. Ransom, J. A. Trapp,
and R. J. Wagner. A number of other people have made and continue to make significant contributions to

the continuing development of the RELAP5-3D®  code. Recognition and gratitude is given to the other
current members of the RELAP5-3D®  team:

P. D. Bayless N. S. Larson R. A. Riemke
V. T. Berta M. A. Lintner A. S-L. Shieh
K. E. Carlson G. L. Mesina R. R. Schultz

C. B. Davis C. S. Miller R. W. Shumway
J. E. Fisher G. A. Mortensen C. E. Slater

C. D. Fletcher P. E. Murray S. M. Sloan

E. C. Johnsen C. E. Nielson J. E. Tolli

G. W. Johnsen R. B. Nielson W. L. Weaver
H-H. Kuo S. Paik

The list of contributors is incomplete, as many others have made significant contributions in the past.
Rather than attempt to list them all and risk unknowingly omitting some who have contributed, we
acknowledge them as a group and express our appreciation for their contributions to the success of the

RELAP5-3D® effort.

Finally, acknowledgment is made of all the code users who have been very helpful in stimulating
timely correction of code deficiencies and suggesting improvements.

Xvii INEEL-EXT-98-00834-V2



RELAP5-3D/1.2a

INEEL-EXT-98-00834-V2 Xviil



RELAP5-3D/2.0

1 Introduction

The purpose of this volume is to help educate the code user by documenting the modeling experience

accumulated from developmental assessment and application of the RELAP5-3D®  code. This
information includes a blend of the model developers’ recommendations with respect to how the model is
intended to be applied and the application experience that indicates what has been found to work or not to
work. Where possible, approaches known to work are definitely recommended, and approaches known not
to work are pointed out as pitfalls to avoid.

1.1 General

The objective of the user’s guide is to reduce the uncertainty associated with user simulation of light
water reactor (LWR) systems. However, we do not imply that uncertainty can be eliminated or even
quantified in all cases, since the range of possible system configurations and transients that could occur is
large and constantly evolving. Hence, the effects of nodalization, time step selection, and modeling
approach are not completely quantified. As the assessment proceeds, there will be a continual need to
update the user guidelines document to reflect the current state of simulation knowledge.

1.2 Areas of Application

RELAP5-3D® isa generic transient analysis code for thermal-hydraulic systems using a fluid that
may be a mixture of vapor, liquid, noncondensable gases, and a nonvolatile solute.

The fluid and energy flow paths in fluid components are approximated by either one-dimensional
stream tube or multi-dimensional models. The energy flow paths in solid heat conductors are approximated
by either one-dimensional or two-dimensional heat conduction models; the two-dimensional model is used
for reflood. The code contains system component models applicable to LWRs. In particular, pumps,
turbines, generator, valves, separator, and controls are included. The code also contains a jet pump
component and an ecc mixer component. A point kinetics model and a multi-dimensional nodal neutron
kinetics model are available to simulate neutronics behavior.

The LWR applications for which the code is intended include accidents initiated from small break
loss-of-coolant accidents, operational transients such as anticipated transients without SCRAM, loss of
feed, loss-of-offsite power, and loss of flow transients. The reactor coolant system (RCS) behavior can be
simulated up to and slightly beyond the point of fuel damage.

1.3 Modeling Philosophy

RELAP5-3D® s designed for use in analyzing system component interactions; it offers both
non-detailed (one-dimensional) and detailed (multi-dimensional) simulations of fluid flow within
components. As such, it contains the ability to model multi-dimensional effects, either for fluid flow, heat
transfer, or reactor kinetics. It also allows the modeling of crossflow effects in a pressurized water reactor
(PWR) core and the reflood modeling that uses a two-dimensional conduction solution in the vicinity of a

1-1 INEEL-EXT-98-00834-V2



RELAP5-3D/2.0

quench front. To further enhance the overall system modeling capability, a control system model is
included. This model provides a way to perform basic mathematical operations, such as addition,
multiplication, integration, and control components such as proportional-integral, lag, and lead-lag
controllers, for use with the basic fluid, thermal, and component variables calculated by the remainder of
the code. This capability can be used to construct models of system controls or components that can be
described by algebraic and differential equations. The code numerical solution includes the evaluation and
numerical time advancement of the control system coupled to the fluid and thermal system.

The hydrodynamic model and the associated numerical scheme are based on the use of fluid control
volumes and junctions to represent the spatial character of the flow. For the one-dimensional model, the
control volumes can be viewed as stream tubes having inlet and outlet junctions. The control volume has a
direction associated with it that is positive from the inlet to the outlet. Velocities are located at the
junctions and are associated with mass and energy flow between control volumes. Control volumes are
connected in series, using junctions to represent a flow path. All internal flow paths, such as recirculation
flows, must be explicitly modeled in this way since only single liquid and vapor/gas velocities are
represented at a junction. (In other words, a countercurrent liquid-liquid flow cannot be represented by a
single-junction.) For flows in pipes, there is little confusion with respect to nodalization. However, in a
steam generator having a separator and recirculation flow paths, some experience is needed to select a
nodalization that will give correct results under all conditions of interest. Nodalization of branches or tees
also requires more guidance. For the multi-dimensional model, use of control volumes and junctions are
also used based on Cartesian or cylindrical coordinates.

Heat conduction flow paths are usually modeled in a one-dimensional sense, using a finite difference
mesh to calculate temperatures and heat flux vectors. The heat conductors can be connected to
hydrodynamic volumes to simulate a heat flow path normal to the fluid flow path. The heat conductor or
heat structure is thermally connected to the hydrodynamic volume through a heat flux that is calculated
using heat transfer correlations. Electrical or nuclear heating of the heat structure can also be modeled as
either a surface heat flux or as a volumetric heat source. The heat structures are used to simulate pipe walls,
heater elements, nuclear fuel pins, and heat exchanger surfaces.

A special, two-dimensional, heat conduction solution method with an automatic fine mesh rezoning
is used for low-pressure reflood. Both axial and radial conduction are modeled, and the axial mesh spacing
is refined as needed to resolve the axial thermal gradient. The hydrodynamic volume associated with the
heat structure is not rezoned, and a spatial boiling curve is constructed and used to establish the convection
heat transfer boundary condition. At present, this capability is specialized to the LWR core reflood
process, but the plan is to generalize this model to higher pressure situations so that it can be used to track
a quench front anywhere in the system.

The point reactor kinetics model is advanced in a serial and implicit manner after the heat
conduction-transfer and hydrodynamic advancements but before the control system advancement. The
kinetics model consists of a system of ordinary differential equations integrated using a modified
Runge-Kutta technique. The integration time step is regulated by a truncation error control and may be less
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than the hydrodynamic time step; however, the thermal and fluid boundary conditions are held fixed over
each hydrodynamic time interval. The reactivity feedback effects of fuel temperature, moderator
temperature, moderator density, and boron concentration in the moderator are evaluated, using averages
over the hydrodynamic control volumes and associated heat structures that represent the core. The
averages are weighted averages established a priori such that they represent the effect on total core power.
Certain nonlinear or multidimensional effects caused by spatial variations of the feedback parameters
cannot be accounted for with such a model. Thus, the user must judge whether or not the model is a
reasonable approximation of the physical situation being modeled. A multi-dimensional nodal neutron
kinetics model is also available.

The control system model provides a way for simulating any lumped process, such as controls or
instrumentation, in which the process can be defined in terms of system variables through logical,
algebraic, differentiating, or integrating operations. These models do not have a spatial variable and are
integrated with respect to time. The control system is coupled to the thermal and hydrodynamic
components serially and implicitly. The control system advancement occurs after the heat conduction
transfer, hydrodynamic, and reactor kinetics advancements and uses the same time step as the
hydrodynamics so that new time thermal and hydrodynamic information is used in the control model
advancement. However, the control variables are fed back to the thermal and hydrodynamic model in the
succeeding time step, i.e., they are explicitly coupled.

A system code such as RELAP5-3D® contains numerous approximations to the behavior of a real,
continuous system. These approximations are necessitated by the finite storage capability of computers, by
the need to obtain a calculated result in a reasonable amount of computer time, and in many cases because
of limited knowledge about the physical behavior of the components and processes modeled. For example,
knowledge is limited for components such as pumps and separators, processes such as two-phase flow, and
heat transfer. Examples of approximations required because of limited computer resources are limited
spatial nodalization for hydrodynamics, heat transfer, and kinetics; and density from thermodynamic
property tables. In general, the accuracy effect of each of these factors is of the same order; thus,
improving one approximation without a corresponding increase in the others will not necessarily lead to a
corresponding increase in physical accuracy. At the present time, very little quantitative information is
available regarding the relative accuracies and their interactions. What is known has been established
through applications and comparison of simulation results to experimental data. Progress is being made in
this area as the code is used; but there is, and will be for some time, a need to continue the effort to quantify
the system simulation capabilities.
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2 Hydrodynamics

The hydrodynamics simulation is based on a one-dimensional model and a multi-dimensional
modelof the transient flow for a vapor-liquid-noncondensable gas mixture. The numerical solution scheme
used results in a system representation using control volumes connected by junctions. A physical system
consisting of flow paths, volumes, areas, etc., is simulated by constructing a network of control volumes
connected by junctions. The transformation of the physical system to a system of volumes and junctions is
an inexact process, and there is no substitute for experience. General guidelines have evolved though

application work using RELAP5-3D® . The purpose here is to summarize these guidelines.

In selecting a nodalization for hydrodynamics, the following general rules should be followed:

1. The length of volumes should be such that all have similar material Courant limits, i.e.,
flow length divided by velocity about the same. (Expected velocities during the transient
must be considered.)

2. The volumes should have = =1, except for special cases such as the bottom of a

whle

pressurizer where a smaller D desired to sharpen the emptying characteristic. This is

discussed further in Volume V.

3. The total system cannot exceed the computer resources. RELAP5-3D° dynamically
allocates memory based on the requirements of each problem, and most models require
memory based on factors such as the number of volumes, junctions, number of heat
structures and the number of meshes, and the number and length of various user-input
tables. The number of hydrodynamic volumes is a reasonable measure of problem size,
and typical LWR systems with over 600 volumes have been run on workstations with 32
Mbytes of memory. The memory should be sufficiently large to avoid paging during
transient advancement.

4. If possible, a nodalization sensitivity study should be made in order to estimate the
uncertainty owing to nodalization. Volume V provides guidance and examples of
appropriate nodalizations for reactor systems.

5. Avoid nodalizations where a sharp density gradient coincides with a junction (a liquid
interface, for example) at steady-state or during most of the transient. This type of
situation can result in time-step reduction and increased computer cost.

6. Eliminate minor flow paths that do not play a role in system behavior or are insignificant
compared to the accuracy of the system representation. This can not usually be done until
some preliminary trial calculations have been made that include all the flow paths. Care
must be used here because in certain situations flow through minor flow paths can have a
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significant effect on system behavior. An example is the effect of hot-to-cold-leg leakage
on core level depression in a PWR under small break loss-of-coolant accident conditions.

7. Establish the flow and pressure boundaries of the system beyond which modeling is not
required and specify appropriate boundary conditions at these locations.

2.1 Basic Flow Model

The RELAP5-3D®  flow model is a nonhomogeneous, nonequilibrium two-phase flow model. See
Section 3 of Volume I for a detailed description of the model and the governing equations. Options exist
for homogeneous, equilibrium, or frictionless models if desired. These options are included to facilitate
comparisons with other homogeneous and/or equilibrium codes. Generally, the code will not run faster if
these options are selected.

The RELAP5-3D® flow model includes a one-dimensional, stream-tube formulation option in
which the bulk flow properties are assumed to be uniform over the fluid passage cross-section. The control
volumes are finite increments of the flow passage and may have a junction at the inlet or outlet (normal
junctions) or at the side of a volume (crossflow junctions). The stream-wise variation of the fluid passage
is specified through the volume cross-sectional area, the junction areas, and through use of the smooth or
abrupt area change options at the junctions. The smooth or abrupt area change option affects the way in
which the flow is modeled, both through the calculation of loss factors at the junction and through the
method used to calculate the volume average velocity. (Volume average velocity enters into momentum
flux, boiling heat transfer, and wall friction calculations.) The abrupt area change model should be used to
model the effect of sudden area changes such as reducers, orifices, or any obstruction in which the flow
area variation with length is great enough to cause turbulence and flow separation. Only flow passages
having a low wall angle (< 10 degrees, including angle) should be considered smooth. An exception to this
rule is the case where the user specifies the kinetic loss factor at a junction and uses the smooth option.
This type of modeling should only be attempted for cases where the actual flow area change is modest (less
than a factor of two).

The RELAP5-3D®  flow model also includes a multi-dimensional formulation option. It is based on
the control volume approach, and it allows for Cartesian and cylindrical coordinates.

The hydrodynamic boundaries of a system are modeled using time-dependent volumes and junctions.
For example, a reservoir condition would normally be modeled as a constant pressure source of mass and
energy (a sink in the case of an outflow boundary). The reservoir is connected to the system through a
normal junction, and the inflow velocity is determined from the momentum equation solution. For this type
of boundary, some caution is required, since the energy boundary condition is in terms of the thermal
energy rather than total energy. Thus, as the velocity increases, the total energy inflow increases owing to
the increase in kinetic energy. This effect can be minimized for simulation of a reservoir by making the
cross-sectional area of the time-dependent volume very large compared to the inlet junction area. This
policy should be followed for outflow boundaries as well, or else flow reversals may occur.
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A second way of specifying a flow boundary is using the time-dependent junction in addition to a
time-dependent volume. This type of boundary condition is analogous to a positive displacement pump
where the inflow rate is independent of the system pressure. In this case, the cross-sectional area of the
time-dependent volume is not used because the velocity is fixed and the time-dependent volume is only
used to specify the properties of the inflow. Thus, the total energy of the inflow is specified. When only
time-dependent junctions are used as boundary conditions, the system pressure entirely depends on the
system mass, and, in the case of all liquid systems, a very stiff system results. An additional fact that
should be considered when using a time-dependent junction as a boundary is that pump work is required
for system inflow if the system pressure is greater than the time-dependent volume pressure. In particular,
any energy dissipation associated with a real pumping process is not simulated. The flow work done
against the system pressure is approximated by work terms in the thermal energy equation.

In RELAP5-3D | any volume that does not have a connecting junction at an inlet or outlet is treated
as a closed end. Thus, no special boundary conditions are required to simulate a closed end.

The fluid properties at an outflow boundary are not used unless flow reversal occurs. In this respect,
some caution is necessary and is best illustrated by an example. In the modeling of a subatmospheric
pressure containment, saturated vapor/gas is often specified for the containment volume condition. This
will result in the outflow volume containing pure vapor/gas at low pressure and temperature. If in the
course of calculation a flow reversal occurs, even a very minute one (possibly caused by numerical noise),
a cascading result occurs. The low-pressure or low-temperature vapor/gas can rush into a volume at higher
pressure and rapidly condense. The rapid condensation leads to depressurization of the volume and
increased flow. Such a result can be avoided by using air or superheated vapor/gas in the containment
volume.

A general guide to modeling hydrodynamic boundary conditions is to simulate the actual process as
closely as possible. This guideline should be followed unless initial calculations result in unphysical results
because of unanticipated numerical idiosyncrasies.

Only the algebraic sign is needed in the one-dimensional hydrodynamic components to indicate the
direction of vector quantities, i.e., the volume and junction velocities. Both the volumes and the junctions
have coordinate directions that are specified through input. Each hydrodynamic volume has three
coordinate directions, named X, y, and z, and each coordinate direction has an associated inlet and outlet
face. The coordinate direction is positive from the inlet to the outlet. The normal, one-dimensional flow is
along the x-coordinate. Normal volume connections are to the inlet and outlet faces associated with the
x-coordinate. Crossflow connections are to the inlet and outlet faces associated with coordinates
orthogonal to the x-coordinate, that is, the y- and z-coordinates.

Which faces of a volume are the inlet or outlet faces depend upon the specifications of the volume
orientation. For a positive vertical elevation change, the inlet is at the lowest elevation, whereas for a
negative vertical elevation change, the inlet is at the highest elevation of the volume. For a horizontal
volume, whether the inlet is at the left or right depends upon the azimuthal angle. (A zero value implies an
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orientation with the inlet at the left.) This orientation of a horizontal volume is not important as far as
hydrodynamic calculations are concerned but is important if one tries to construct a three-dimensional
picture of the flow path. Several possible volume orientations, depending upon the input values for the
azimuthal and inclination angles, are illustrated in Figure 2.1-1. In the figure, the letter "i" is the inlet and
the letter "0" is the outlet.

The junction coordinate direction is established through input of the junction connection code (e.g.,
Words W1 and W2 of Cards CCCO0101 through CCCO0109, Section A-7.4 of Appendix A for a
single-junction component). The junction connection codes designate a from and a to component, and the
velocity is positive in the direction from the from component to the fo component. The connection codes
can be entered in an old or an expanded format. The expanded format is recommended, but the old format
is still valid.

The connection code for one-dimensional components has the format CCCXX000F, where CCC is
the component number, XX is the volume number, and F is the face number, where zero indicates the old
format and nonzero indicates the expanded format. The old format (F = 0) can only specify connections to
the faces associated with normal flow, that is, flow along the x-coordinate. In the old format, XX is not a
volume number but, instead, XX = 00 specifies the inlet face of the component, and XX = 01 specifies the
outlet face of the component. The volume number is only implied. For components specifying
single-volumes (currently only a pipe specifies multiple volumes), normal flow (as opposed to crossflow)
to either the inlet or outlet face can be specified. For a pipe, however, the old format allows specification of
normal flow only to the inlet of the first pipe volume or to the outlet of the last pipe volume. Crossflow
meaning connections to faces associated with y- or z-faces cannot be specified with the old format.

The expanded connection code assumes that a volume has six faces, i.e., an inlet and outlet for each
of three coordinate directions (see Figure 2.1-2 and Figure 2.1-3). The expanded connection code
indicates the volume being connected and through which face it is being connected. In the new format (F
nonzero), F is the face number and XX is the volume number. For components specifying single-volumes,
XX is 01; but for pipes, XX can vary from 01 for the first pipe volume to the last pipe volume number. The
quantity F is 1 and 2 for the inlet and outlet faces, respectively, for the volume’s normal or x-coordinate
direction. The quantity F is 3 and 4 to indicate inlet and outlet faces, respectively, for the volume’s
y-coordinate direction. The quantity F is 5 and 6 to indicate inlet and outlet faces, respectively, for the
volume’s z-coordinate direction. Entering F as 1 or 2 specifies normal connections to a volume; entering F
as 3 through 6 specifies a crossflow connection to a volume. In Figure 2.1-2 and Figure 2.1-3, the world
(inertial) coordinates are indicated by X, y,, and z,, whereas the local coordinates for the volume are

indicated by x, y, and z. Figure 2.1-2 is for a horizontal volume. Figure 2.1-3 is for a vertical volume, and

is obtained from the horizontal volume (Figure 2.1-2) by a 90° counter-clockwise rotation about the local
y-axis.

Average volume velocities are computed along each coordinate direction that is active. The

x-coordinate is assumed active, and a warning message is issued during input processing if no junctions
attach to normal faces. A y- or z-coordinate is active only if a junction attaches to one of the associated
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i 0 0 i
azimuthal angle = 0 or 360 azimuthal angle = 180
inclination angle = 0 inclination angle = 0
0
0
i
i
azimuthal angle = 0 or 360 azimuthal angle = 180
inclination angle = 45 inclination angle = 45
o i
i 0
azimuthal angle = 0 or 360 azimuthal angle = 0 or 360
inclination angle = 45 inclination angle = -45
0 i
i 0
azimuthal angle = 0 to 360 azimuthal angle = 0 to 360
inclination angle = 90 inclination angle = -90

Figure 2.1-1 Possible volume orientation specifications.
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Figure 2.1-2 Horizontal volume schematic showing face numbers for one-dimensional components.

faces. The average volume velocity for each coordinate direction involves only junction velocities at the
faces associated with that coordinate direction. Thus, a crossflow entering a y-face does not contribute to
the computation of the volume velocity in the x-direction. But that crossflow does contribute to the average
velocity in the y-direction.

Users of previous versions of RELAP5-3D®  will note that the crossflow discussed above is
different from older versions. The crossflow capability has been improved, but unfortunately the differing
meanings for the term crossflow may lead to misunderstanding. The previous use of crossflow implied the
following: Flow entered a face orthogonal to the normal flow; crossflows never contributed to any average
volume velocity; a limited form of the momentum equation was used; and face numbers 3 through 6 and/or
junction flags could specify a crossflow connection. The limited momentum equation ignored momentum
flux, wall friction, and gravity terms. Now, crossflow means only that the connection is to a face other than
one of the normal faces. Note especially that crossflow does not imply a modified form of the momentum
equation. The same momentum equation options are available to both normal flows and crossflows. The
standard one-dimensional momentum equations can be applied to both normal and crossflows. Optionally,
and only through the use of the momentum flux junctions flags, the momentum flux contribution in the
from or to volume can be ignored for normal and crossflow connections.
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Figure 2.1-3 Vertical volume schematic showing face numbers for one-dimensional components.

There is no difference in the application of the conservation equations to the normal and crossflow
types of connections. The only difference is that the term normal is applied to the flow that would occur in
a strictly one-dimensional volume; crossflow is an approximation to multidimensional effects consisting of
applying the one-dimensional momentum equation to each of the coordinate directions in use. To give
some perspective to the approximation, the three-dimensional momentum equation contains nine terms for
momentum flux; the momentum in each of the three directions being convected by velocities in the three
directions. In the crossflow model, only three momentum flux terms are used--the momentum in each
direction convected by velocity in the same direction.

The code input provides junction flags to ignore momentum flux effects in either the from volume,
the fo volume, both volumes, or to include momentum effects in both volumes (the default). Intuitively,
including momentum effects is more accurate modeling, and momentum effects should be included in
junctions attached to the normal faces. In previous versions of the code, a restricted form of the momentum
equation was used that omitted momentum flux, wall friction, and gravity terms. One reason was that the
geometric information necessary for computing these terms was not available and average volume velocity
terms in the crossflow directions were not computed. The earliest motive for the crossflow model was to
treat recirculation flows in the reactor core, and these restrictions were acceptable since velocities were
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low and there were no elevation changes. The crossflow model was subsequently used for tees since the
crossflow model, even with the restrictions, was a better model than previous approaches for tees. The
current recommendation is to include the momentum flux terms for crossflows but remove them if
computational difficulties involving crossflow junctions are encountered. The crossflow model is currently
under developmental assessment. A more definite recommendation is not to have multiple junctions with
differing momentum flux options attached to the same coordinate direction. Even though the momentum
flux is ignored in one junction, its velocity contributes to the average velocity in that coordinate direction
and thus other junctions using momentum flux terms use that average volume velocity.

The current crossflow model requires input information for the y- and z-coordinates similar to that
entered for the x-coordinate. Default data for the y and z-coordinates are obtained from the x-coordinate
data by assuming the volume is a section of a right circular pipe. Optional input data may be entered when
this assumption is not valid.

In major edits and similar input edits, the junction connection code is edited in the new format. Note
that the new logic allows branching and merging flow (i.e., multiple junctions at a face) at any volume,
including interior pipe volumes. The primary reason for this change is to permit crossflow to all volumes in
a pipe. Now it is possible to use pipe volumes to represent axial levels in a vessel and to use multiple pipe
components to represent radial or azimuthal dependence. Single-junctions can crosslink any of the pipe
volumes at the same axial level.

A simpler method to crosslink volumes is to use the multiple junction component. This component
describes one or more junctions, with the limitation that all volumes connected by the junctions must be
part of the same hydrodynamic system. Although this component can be considered a collection of
single-junctions, its common use is to crosslink adjacent volumes of parallel pipes. Because the junctions
linking pipe volumes tend to be similar, N junctions crosslinking N volumes per pipe can be entered with
the amount of input comparable to one junction.

The connection code for multi-dimensional components assumes that a volume has six faces, i.e., an
inlet and an outlet for each of three coordinate directions (see Figure 2.1-4 and Figure 2.1-5). The
multi-dimensional connection code indicates the volume being connected and through which face it is
being connected. The quantity F is 1 and 2 for inlet and outlet faces, respectively, for the first coordinate
direction (x in Cartesian geometry, r in cylindrical geometry). The quantity F is 3 and 4 to indicate inlet
and outlet faces, respectively, for the second coordinate direction (y in Cartesian geometry, 0 in cylindrical
geometry). The quantity F is 5 and 6 to indicate inlet and outlet directions (z in both Cartesian and
cylindrical geometries). In Figure 2.1-4 and Figure 2.1-5, the world (inertial) coordinates are indicated by

Xo» Yor Zo OT Ty, 0, Z,, Whereas the local coordinates for the volume are indicated by x,y,z or 1,0,z.

A sketch showing a series of three horizontal one-dimensional volumes connected by two junctions
is shown in Figure 2.1-6 to illustrate some of the possible coordinate orientations that result from
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Figure 2.1-4 Cartesian control volume showing face numbers for multi-dimensional components.
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Figure 2.1-5 Cylindrical control volume showing face numbers for multi-dimensional components.

combinations of the connection codes and the volume orientation data. In Figure 2.1-7, two possible
combinations are illustrated for the connection of two vertical volumes. Figure 2.1-7a shows the two
volumes unconnected; Figure 2.1-7b shows the result when the outlet of Volume 1 is joined to the inlet of
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Volume 2; and Figure 2.1-7c shows the result when the inlet of Volume 1 is connected to the inlet of
Volume 2. In particular, note that the geometry can be modified from a straight passage to a manometer
configuration by simply reversing the inlet/outlet designator in the junction connection code.

i——» o

i— O 0o 4— i

Figure 2.1-6 Sketch of possible coordinate orientation for three volumes and two junctions.

l f

Figure 2.1-7 Sketch of possible vertical volume connections.

When systems of volumes or components are connected in a closed loop, the summation of the
volume elevations must close when they are summed according to the junction connection codes and
sequence, or an unbalanced gravitational force will result. RELAP5-3D®  has an input processing feature
that finds all loops or closed systems (which are defined by the input) and checks for elevation closure
around each loop. The error criterion is 10 m. If closure is not obtained, the fail flag is set, and no
transient or steady-state calculations will be made. The elevation checker will print out that elevation
closure does not occur at a particular junction that formed a closed loop during input processing. The
junction at which closure of the loop occurs depends on the numbering of the components. Input elevation
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inaccuracies in the fifth significant figure after the decimal point (i.e., on the order of 107 m) may or may

not accumulate to give a difference of 104 m, depending on the numbering of the components.

The elevation checking with crossflows differs from earlier versions of RELAP5-3D® . The
elevation checking starts from the center of a volume with the initial volume and its elevation obtained
from input data or defaulted. Using fo and from junction information and elevation change information
from the connected volumes, the elevation to the common face of the volumes is computed; then, the
elevation of the center of the connected volume is computed. This computing of the elevations by tracking
the junctions continues until all junctions have been used. Whenever a volume is reentered, the newly
obtained elevation is compared to the previously computed elevation, and an error occurs if they do not
match. With the previous crossflow model, the elevation from the center to a face was zero for a crossflow
connection. This meant that the same elevation would be obtained regardless of which face the crossflow
connection used. The face number is now important, both for elevation checking and in computing
elevation effects, momentum flux effects, and friction. We recommend that decks prepared for previous
versions of the code have all crossflow connections reviewed for use with the newer crossflow model.

The junctions are printed out in the major edits in the hydrodynamic junction information sections
(Section 8.3.2.9 and Section 8.3.2.10). The from and to volumes are listed for each junction. In addition,
the flow regimes for the volumes (floreg) and the junctions (florgj) are also listed using three letters. It is
also possible to list the flow regime for the volumes and the junctions in the minor edits and plots, where a

number is used. Table 2.1-1 shows the three-letter code and number used for each flow regime.

Table 2.1-1 Flow regime letters and numbers.

Flow regime Three-letter code Number
(major edits) (minor edits/plots)
High mixing bubbly CTB 1
High mixing bubbly/mist transition CTT 2
High mixing mist CT™M 3
Bubbly BBY 4
Slug SLG 5
Annular mist ANM 6
Mist pre-CHF MPR 7
Inverted annular IAN 8
Inverted slug ISL 9
Mist MST 10
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Table 2.1-1 Flow regime letters and numbers. (Continued)

Flow regime

Three-letter code
(major edits)

Number
(minor edits/plots)

Mist post-CHF MPO 11
Horizontal stratified HST 12
Vertical stratified VST 13
Level tracking LEV 14
Jet junction JET 15
ECC mixer wavy MWY 16
ECC mixer wavy/annular mist MWA 17
ECC mixer annular mist MAM 18
ECC mixer mist MMS 19
ECC mixer wavy/slug transition MWS 20
ECC mixer wavy-plug-slug transition MWP 21
ECC mixer plug MPL 22
ECC mixer plug-slug transition MPS 23
ECC mixer slug MSL 24
ECC mixer plug-bubbly transition MPB 25
ECC mixer bubbly MBB 26
Table 2.1-2 Bubbly/slug flow regime numbers for vertical junctions.
Geometry and flow conditions Correlations used Numbers

(minor edits/plots)

intermediate pipes

Rod bundles EPRI 2

High up/down flows in small pipes EPRI 3

Low up/down countercurrent flows in small Zuber-Findlay slug 4

pipes

Transition regions between 3 and 4 EPRI & Zuber-Findlay slug 5

High up/down flows in intermediate pipes EPRI 9

Low up/down countercurrent flows in Churn-turbulent bubbly 10
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Table 2.1-2 Bubbly/slug flow regime numbers for vertical junctions. (Continued)

Geometry and flow conditions Correlations used Numbers
(minor edits/plots)

Transition regions between 10 and 12 Churn-turbulent bubbly & 11
Kataoka-Ishii

Low up/down countercurrent flows in Kataoka-Ishii 12
intermediate pipes

Transition between regions 9 and 10-11-12 EPRI & Churn-turbulent 13
bubbly/Kataoka-Ishii

Large pipes Churn-turbulent bubbly 14

Transition regions between 14 and 16 Churn-turbulent bubbly & 15

Kataoka-Ishii

Large pipes Kataoka-Ishii 16

In the bubbly and slug flow regimes for vertical junctions, it is possible to list an additional flow
regime number (iregj) in the minor edits and plots that is associated with a particular geometry/flow and
correlation that is used in the interphase drag. If not in bubbly or slug flow and not a vertical function, the
number will be zero. Table 2.1-2 shows the number used for each regime. In the transition regions (11 and
15), a fraction is added to the number (between 0 and 1) that indicates how far the junction conditions are
between churn-turbulent bubbly and Kataoka-Ishii, based on the dimensionless vapor superficial velocity

) -

The interphase friction model for bundles (i.e., core and steam generator) can be activated with a
volume control flag (b). The model is based on a correlation from EPRI, as discussed in Volume I of this
manual. When in bubbly or slug flow, for vertical junctions, the flow regime number is 2, as indicated in
Table 2.1-2; otherwise it is 0.

The user should be aware that all plant or experimental facility geometries that are not circular
should have an input junction hydraulic diameter to specify the necessary information required for the code
calculated interphase friction. For bundles and steam generators, the junction hydraulic diameter should
match the volume hydraulic diameter (including grid spacers, which should use the volume hydraulic
diameter at the junction). In addition for grid spacers, the volume flow area should be used at the junction
and the user-input loss should be multiplied by ratio of squared areas of the volume and the grid spacer.
For area changes, the donor diameter for the normal flow direction is recommended. For orifices, the
actual diameter is recommended.
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2.2 State Relationships

The default thermodynamic property table for water vapor and liquid water has upper and lower
limits on pressure and temperature. A pressure-temperature diagram is shown in Figure 2.2-1.

1x10%Pa +
Critical
p  2212x 10" Pa -+ point
Saturation
611.24 Pa line
Triple
point
| |
0 | |
273.16 K 647.3 K 5,000 K
T

Figure 2.2-1 Pressure-temperature diagram.

If the calculation predicts a pressure and temperature in the shaded region, a thermodynamic
property error will result, and the code will cut the time step. If the calculation continues to predict pressure
and temperature in the shaded region down to the minimum time step, the calculation will be terminated.

2.3 Process Models

In RELAP5-3D€ | process models are used for simulation of processes that involve large spatial
gradients or which are sufficiently complex that empirical models are required. The flow processes for an
abrupt area change, a choked flow, a branch, reflood, noncondensables, water packer, CCFL, level
tracking, and thermal stratification are all simulated using specialized modeling. These particular processes
are not peculiar to a component and will be discussed as a group. Some components, such as pumps and
separators, also involve special process models; these models will be discussed with the component
models. The use of the process models is specified through input, and proper application is the
responsibility of the user. Under certain circumstances, we recommend that the user not mix process
models; e.g., we recommend the user not use the choking model at a junction connected to either the side
of a volume where the abrupt area change is activated for the junction and more than one junction is
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connected. The purpose of this section is to advise the user regarding proper application of the process
models.

2.3.1 Abrupt Area Change

The abrupt area change option should generally be used in the following situations:

1. Sharp edged area changes.
2. Manifolds and plena connecting parallel flow passages.
3. At break locations.

For the abrupt area model, the junction area (upon which the velocities are based) is the minimum
area of the two connecting volumes. The abrupt area change model is discussed in more detail in Section
24.1.

In addition to the computed form loss from the abrupt area change model, users have the option of
input form loss factors to achieve the desired pressure drop. See Section 2.3.3.3 for discussion for
modeling of minor flow paths. It is recommended that the abrupt area change model not be used for minor
flow paths where the area change ratio is less than 0.1. For this situation, the smooth area change option
and an appropriate loss coefficient is recommended.

The pressure drop calculated by using form losses from the abrupt area change model is a function of
junction velocity.

2.3.2 Choked Flow

The choked flow option is specified in the junction flags on the junction geometry card. In general,
the choked flow model should be used at all exit junctions of a system. We recommend that the choked
flow model be usually used at the choke plane and that the user not model anything past this plane.
(Therefore, just use a time-dependent volume downstream of the choke plane.) Internal choking is allowed

but may not be desirable under certain conditions. Some applications of RELAP5-3D° require that
volumes downstream of the choke plane be modeled with non-time-dependent volumes. For this case, the
user should monitor the mass error in the downstream volumes to ensure that the total mass error is not
governed by these volumes. This is done by examining the hydrodynamic time step control information in
the major edits (see Section 8.3.2); one of the columns labeled LRGST.MASS ERR gives the number of
times a volume had the largest mass error. If the mass error in these volumes is large (i.e., the number of
times a volume had the largest mass error is high), the user should consider adjusting the size of the
volumes. This would involve reducing the size of these volumes, since the mass error is given by the
density error times the volume.
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The recommended input junction flags when the choking model is on (¢ = 0) are abrupt (a=1 or 2)
and nonhomogeneous (h = 0). (1) With regard to the abrupt area options (a = 1 or 2), these are discussed in
Section 2.4.1. The full abrupt area change model (a = 1, code calculated losses) is recommended for
sudden (i.e., sharp, blunt) area changes, while the partial abrupt area change model (a = 2, no code
calculated losses, user input losses are to be used) is recommended for rounded or beveled area changes.
The extra interphase drag term (see Volume IV) in the abrupt area model (a = 1 or 2) helps ensure more
homogeneous flow that would be expected through a sudden area change. The smooth area change option
(a = 0) is recommended only for when there is no area changes or there are smooth area changes (i.e.,
venturi). (2) With regard to the nonhomogeneous (h = 0) option, it is generally recommended that h = 0 be
used. There may be rare situations where the combined interphase drag is too low, resulting in too much
slip and too low mass flow. For this situation, the homogeneous option (h = 1 or 2) is recommended. (3)
The user should monitor the calculated results for nonphysical choking. If this occurs, the user should turn
choking off (c = 1) at junctions where this occurs.

Guidelines for the discharge coefficients (subcooled and two-phase) are as follows. For a break
nozzle/venturi geometry, a discharge coefficient of nearly 1.0 should be used. For an orifice geometry, the
discharge coefficient depends on the break configuration and may be somewhat less than 1.0.

The throat (cli—A used in subcooled choking, which is denoted by (c(li_A) in Volume I of this manual,
X X/,

is calculated differently for the normal junction abrupt area option and the normal junction smooth area
option.

For the recommended abrupt area change option, the following formula is used:

(d_A) - P (2.3-1)
dx t, abrupt 10.0Dg
where

Ak = the upstream volume flow area in the coordinate direction of the junction

A = the throat or junction area (minimum physical area)

Dk = the upstream volume diameter in the coordinate direction of the junction.

It is recommended the user input the actual physical values for Ag, A,, and Dg. This formula is empirical,
and the data base is limited. It was developed primarily to obtain the proper subcooled discharge at the

break for the LOFT-Wyle Blowdown Test WSBO03R,>*1 which is one of the developmental assessment
separate-effects test problems. In addition, it has been used successfully in many Semiscale test

comparisons for the break flow.2-32
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If the user selects the smooth area change option, the code uses the following formula:

(d_A _ A=A (2.3-2)
dx t, smooth 0.5Axg
where

Ak = the upstream volume flow area in the coordinate direction of the junction

A = the throat or junction area (minimum physical area)

Axg = is the upstream volume length in the coordinate direction of the junction.

The smooth area option is intended to be used for smoothly varying geometries. The length 0.5 Axg would
be the actual length of the upstream volume (Ag) to the throat (A,). Since the smooth area change option is

not recommended, this formula has had little assessment.

Sometimes, it is observed that the choking junction oscillates in time between the inlet and outlet
junctions of a control volume. This may induce flow oscillations and should be avoided. The situation most
often occurs in modeling a break nozzle. The choking plane is normally located in the neighborhood of the
throat. The break can be adequately modeled by putting the break junction at the throat and including only
the upstream portion of the nozzle. If the entire nozzle is modeled, the choked flow option should be
applied only to the junction at the throat.

The internal choking option must be removed when supersonic flows are anticipated or when its
application causes unphysical flow oscillations. Typical cases are propagation of shock waves downstream
from a choked junction. Sometimes, it is necessary to remove the choking option at junctions near a known
internal choked junction in order to avoid oscillations.

2.3.3 Branching

A fundamental and vital model needed for simulation of fluid networks is the branched flow path.
Two types of branches are common, the tee and the plenum. The tee involves a modest change in flow area
from branch to branch and a large change in flow direction, while the plenum may involve a very large
change in flow area from branch to branch and little or no change in flow direction. In PWR simulations, a
tee model would be used at pressurizer surge line connections, hot leg vessel connections, and cold leg
connections to the vessel inlet annulus. A plenum model would be used for modeling upper and lower
reactor vessel plenums, steam generator models, and low-angle wyes.

Two special modeling options are available for modeling branched flow paths. These are a crossflow

junction model and a flow stratification model, in which the smaller pipe at a tee or plenum may be
specified as connected to the top, center, or bottom of a larger connecting pipe. When stratified flow is
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predicted to exist at such a branch, vapor/gas pullthrough and/or liquid entrainment models are used to
predict the void fraction of the branched flow. The use of these models for simulating tees, plenums, and
leak paths are discussed in greater detail below.

2.3.3.1 Tees. The simplest tee is the 90-degree tee, in which all branches have the same or
comparable diameters. The recommended nodalization for this flow process is illustrated in Figure 2.3-1.
The small volume at the intersection of the side branch with the main flow path should have a length equal
to the pipe diameters. Generally, this length will be shorter than most other hydraulic volumes and will
have a relatively small material Courant limit. The code, however, has a time step scheme that permits
violation of the material Courant for an isolated volume for the semi-implicit scheme. Thus, this modeling
practice may not result in a time step restriction. User experience has shown that if the code runs too
slowly and is Courant-limited in the small volume, it is possible to increase the length of the volume to
allow faster running without adversely affecting the results.

Vl V2
Figure 2.3-1 A 90-degree tee model using a crossflow junction.

The Junction J3 is specified as a half normal junction and half crossflow junction. The half of
Junction J3 associated with Volume V4 is a normal junction, whereas the half associated with Volume V2
is a crossflow junction. The junction specification is made using the junction flag jefvcahs, which (for a
single-junction) is Word W6(I) of Cards CCCO0101 through CCC0109. As noted in previous crossflow
junction discussions (see Section 2.1), the same momentum equation options are used available in both
normal and crossflow junctions. Both flow types allow ignoring of momentum flux and wall friction terms
through the use of volume and junction flags. User experience shows that temperature oscillations may
develop in Volume V2. It may be necessary to increase the length of Volume V2 to remove the
oscillations. In general, a user loss coefficient will be needed at Junction J3. This coefficient should be
determined to obtain the proper pressure drop.

A tee can also be modeled using the branch component, as illustrated in Figure 2.3-2. This approach

has the advantage that fewer volumes are used. Disadvantages are that the calculated result may be altered,
depending on whether Junction J, is connected to Volume V; or V,, and that the flow division has less
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resolution at the tee in the presence of sharp density gradients. In cases where the Volumes V; and V5 are

nearly parallel, the model illustrated in Figure 2.3-2 may be a more accurate representation of the physical
process (such as for a wye).

Branch

Figure 2.3-2 Tee model using a branch component.

2.3.3.2 Branch. The branch model approximates the flow process that occurs at merging or
dividing flows, such as at wyes and plenums. This model does not include momentum transfer caused by
mixing and thus is not suited for high-velocity merging flows. A special component, the JETMIXER, is
provided for modeling the mixing of high-velocity, parallel streams. Application of this model is discussed
in Section 2.4.9.

A branch component consists of one system volume and zero to nine junctions. The limit of nine
junctions is due to a card numbering constraint. Junctions from other components, such as single-junctions,
pumps, other branches, or even time-dependent junction components, may be connected to the branch
component. The results are identical whether junctions are attached to the branch volume as part of the
branch component or as part of other components. Use of junctions connected to the branch but defined in
other components is required in the case of pump and valve components. Any of these may also be used to
attach more than the maximum of nine junctions that can be described in the branch component input.

A typical one-dimensional branch is illustrated in Figure 2.3-3. The figure is only one example and
implies merging flow. Additional junctions could be attached to both ends, and any of the volume and
junction coordinate directions could be changed. The actual flows may be in any direction; thus, flow out
of Volume V5 through Junction J; and into Volume V3 through Junction J, is permitted.

The volume velocities are calculated by a method that averages the phasic mass flows over the
volume cell inlets and outlets. The volume velocities of Volume V3 are used to evaluate the momentum
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Figure 2.3-3 Typical branching junctions.

flux terms for all junctions connected to Volume V3. The losses associated with these junctions are

calculated using a stream tube formulation based on the assumption that the fraction of volume flow area
associated with a junction stream tube is the same as the volumetric flow fraction for the junction within
the respective volume. Also, using the junction flow area, the adjacent volume flow areas, and the branch
volume stream tube flow area, the stream tube formulation of the momentum equation is applied at each
junction. However, if the smooth area change is specified, large changes in flow can lead to nonphysical
results. Therefore, it is normally recommended that the abrupt area change option (a = 1 or a = 2) be used
at branches.

Plenums are modeled using the branch component. Typical LWR applications of a plenum are the
upper and lower reactor vessel regions, steam generator plenums, and steam domes. The use of a branch to
model a plenum having four parallel connections is illustrated in Figure 2.3-4. The flows in such a
configuration can be either inflows or outflows. The junctions connecting the separate flow paths to the
plenum are ordinary junctions with the abrupt area change option recommended. It is possible to use
crossflow junctions at a branch for some or all of the connections.

A wye is modeled, as illustrated in Figure 2.3-3, using the branch component. The flow can either
merge or divide. Either the smooth or the abrupt area change option may be used. If the smooth area
change is specified, large changes in flow can lead to nonphysical results. Therefore, it is normally
recommended that the abrupt area change option be used at wyes.

2.3.3.3 Leak Paths. An application, that may or may not involve branching but which is
frequently a source of problems, is the modeling of small leak paths. These may be high-resistance paths or
may involve extreme variations in flow area. The approximation of the momentum flux terms for such
flow paths is highly uncertain and can lead to large forces, resulting in numerical oscillations. Modeling of
small leak paths was one of the primary motivations for developing the crossflow connections. As needed,
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Figure 2.3-4 Plenum model using a branch.

the momentum flux and wall friction can be omitted, and the flow resistance could instead be computed
from a user-specified kinetic loss factor.

In applying the crossflow junction to leak path models, the actual area of the leak path is used as the
junction area. A kinetic loss factor is input, based on the fluid junction area velocity for the forward and
reverse loss factors. The forward and reverse loss factors should be equal unless there is a physical reason
why they should be different. In particular, a very large forward and small reverse loss factor should not be
used to simulate a check valve. This approach can cause code failure. A typical leak path model between
vertical volumes is illustrated in Figure 2.3-5.

Minor flow paths having extreme area variations or flow splits, in which the minor flow is a small
fraction of the main flow (< 0.1), can also be modeled using the standard junction by the following special
procedures. The smooth area change option is used for the junction (the jefvcahs flag with a = 0), and the
junction area is allowed to default (the minimum area of the adjoining volume areas). It may be necessary
for the user to input a more reasonable flow area if the default area is too large. With this specification, it is
necessary to enter user-input form loss coefficients normalized to the default area in order to give the
proper flow rate and pressure drop relationship. The loss factor to be input can be estimated using the
following equation:

K = 24PA° 2 (23-3)
m

where
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Figure 2.3-5 Leak path model using the crossflow junction.

K = loss factor

AP = nominal pressure drop (Pa)

A = junction area (mz)

P = fluid density (kg/m?)

m = nominal mass flow rate (kg/s).

The value computed for K in this way may be very large because the default area is much larger than
the actual flow area. Also, critical flow would not be detected with this approach. Both the forward and
reverse loss coefficients should be equal unless there is a reason why they are physically different. In this
case, Equation (2.3-3) should be used to calculate the effective loss factor for both the forward and reverse

flow conditions (i.e., assume AP and m also correspond to the reverse flow case). The geometric

relationship between the actual situation and the model is illustrated schematically in Figure 2.3-6.

In the case of minor flow paths that connect at branches having large main flows, a similar approach
can be used. In this case, let the junction area default to the minimum of the adjoining volumes
(presumably the area of the minor flow path) and use the smooth option (jefvcahs with a = 0). The
determination of the loss factor may require some experimentation because of the possible large
momentum flux effect, which is ignored in the derivation of Equation (2.3-3). If one of the volumes is
quite large compared to the other, a modified Bernoulli equation can be used in which the overall loss
factor defined by Equation (2.3-3) can be replaced by K + 1. [In other words, the user-input loss factor is
computed by substituting K + 1 for K in Equation (2.3-3).]
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Figure 2.3-6 High-resistance flow path model.

All of the development herein assumes that known pressure drop flow relations exist for the
single-phase case and that compressibility effects are small. If such is not the case, then the effective loss
factor values must be determined experimentally by running the code for a series of cases. Some
experimentation may be required, since the actual momentum flux calculation is complicated by several
factors and may differ slightly from the simple Bernoulli form.
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Another problem relative to a minor leak path can occur when an incorrect flow rate through an
orifice for a given AP and loss coefficient K is calculated. As noted previously, this problem can be
avoided if the user inputs reasonable values for the flow area and the loss coefficient K, rather than
allowing the flow area to default and using a very large K.

2.3.4 Noncondensables

The noncondensable model has the ability to be applied at every hydrodynamic volume in a system
model. While in operation, the model affects interface mass and heat transfer, wall heat transfer, and the
output of several variables that may cause discontinuities in plotted output. The purpose of this discussion
is to clarify the operation of the noncondensable model and its affect on the calculated results and to give
guidance for its use in system calculations.

In order to properly understand the operation of the noncondensable model, the fundamental
assumptions used in the model need to be discussed. First, the vapor/noncondensable mixture is assumed
to be in thermal equilibrium. Second, the total pressure is the sum of the partial pressures of the vapor and
the noncondensable. Third, the specific vapor/gas internal energy is the mass weighted sum of the vapor
specific internal energy and the noncondensable specific internal energy. Fourth, the liquid phase
nonequilibrium properties are calculated in the same manner as for the case without noncondensables, i.e.,
these liquid properties are based on the total pressure and the liquid specific internal energy. Fifth, the
saturation properties of the liquid and vapor/gas used in the interface temperature derivatives are assumed
to be a function of the partial pressure of the vapor/gas. Sixth, the velocity of the noncondensable gas is
assumed to be equal to the velocity of the vapor.

One of the effects of these assumptions is to force the phasic temperatures and the saturation
temperature based on the partial pressure of vapor to the same value. This causes a reduced driving
potential for the interface mass and heat transfer models. The interface heat transfer coefficients are
reduced in the presence of noncondensables. Consequently, low interfacial heat transfer regimes, such as
the vertical stratification flow regime, may give heat transfer coefficients that are too low for stable
calculations (as evidenced by oscillatory behavior). When this occurs, the vertical stratification model
should be turned off on a volume basis. The highest probability for this occurrence is under very low flow
conditions.

A second problem may occur when noncondensables first appear in a system volume. At times, again
depending on the convection of noncondensable into the volume, the noncondensable iteration may fail or
thermodynamic property errors occur at the minimum time step. This problem can usually be overcome by
reducing the size of the minimum time step. If this procedure fails, the convection rate or the concentration
of the noncondensable convection must be changed. This may be accomplished by modifying the
boundary conditions or by renodalizing the problem areas with acceptable thermodynamic conditions.

Last, the output from the code may contain discontinuities as noncondensables appear or disappear.

The variables that will have these discontinuities are the partial pressure of vapor, phasic temperatures,
saturation temperature, vapor/gas specific internal energy, and noncondensable quality. The partial
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pressure of vapor is set to the system pressure if noncondensables are not present, to 1.0 Pa if the volume
state is pure noncondensable, or to the calculated value otherwise. When only pure noncondensable is
present in a volume, all temperatures are set to equal values and are a function of the gas energy. As a fluid
is injected into the volume, the temperatures, the partial pressure of vapor, and possibly the vapor specific
internal energy, will abruptly change to new values based on the calculated thermodynamic conditions.
Additionally, the liquid and saturation temperature may appear at the fluid triple point value if the partial
pressure of the vapor is calculated to be lower than the minimum thermodynamic property table value.

As an example, a checkout problem used for developmentz'3 -3

consisted of 322 K liquid water being
injected into 436 K helium. The liquid temperature and saturation temperature both changed from 436 to
273 K in one time step as the volume changed from a pure noncondensable state to a
vapor/noncondensable mixture state. As more water was injected, the liquid temperature transitioned to the

correct value.

Selecting noncondensable input consists of specifying type and mass fraction of species on Cards
110 and 115 and by selecting options 4, 5, 6, or 8 on the volume initial condition cards. For time-dependent
volumes, the species mass fractions can be entered on cards CCCO0301. Option 4, which consists of
pressure, temperature, and static quality at equilibrium conditions (100% relative humidity), is the easiest
to use. A restriction on the temperature is that it has to be less than the saturation temperature as a function
of pressure and less than the critical temperature. The static quality used in option 4 (equilibrium) is given

by I\/IgMTng , where M, = M + M,,. Little experience has been obtained in using option 5 (equilibrium),
and it has not been checked out. Option 6 (nonequilibrium or equilibrium) is generally used to renode
system models from Pygmalion input decks.234 See Volume I of this manual for the equations and
variables used. If option 6 is selected, but noncondensable quality is 0.0, the coding uses option 0. Option 8
(nonequilibrium or equilibruim) allows the phasic temperatures to be input instead of the phasic specific
internal energies used in option 6. If option 8 is selected, but noncondensable quality is 0.0, the coding
used is similar to option 0 except that the input phasic temperatures are used instead of the phasic specific
internal energies.

The capability for initializing and performing transients with pure noncondensables (0% relative
humidity) has been implemented. Input options 4, 6, and 8 have provisions for initializing a system volume
to a pure noncondensable state. This is accomplished in option 4 by using the equilibrium quality variable
as a flag. By setting this quantity to O, the logic specifies an ideal noncondensable gas equation of state.
The variable is reset to 1.0 for transient calculations. To use option 6 for initializing a pure
noncondensable, both void fraction and noncondensable quality must be set to 1.0 and the vapor/gas
specific internalenergy must be set to a value that gives the desired gas temperature. To use option 8 for
initializing a pure noncondensable, both void fraction and noncondensable quality must be set to 1.0 and
the vapor/gas temperature must be set to a value that gives the desired gas specific internal energy.
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The code will not allow a noncondensable to exist with pure liquid and no vapor. The code will add

M -
a little bit of vapor (keeps vapor quality X, = ——— >10 8) when pure liquid and noncondensable are

T M.+ M,

present. Thus, we recommend that users input some vapor when noncondensables and liquid are present.

Option 4 (equilibruim) is normally used because it is much easier to use. Only a saturated
noncondensable state (100% relative humidity) or a dry non-consensable state (0% relative humidity) are
obtained by this option. Improvement of input conveniences for initial noncondensable states is under
consideration. The users employ the following method (for the 100% relative humidity case) with this
option. For a given total pressure (P), temperature (T), and void fraction (ch), the static quality (X) in

0P
CPg + 0Py

mixture vapor/gas density (p,) is given by p, = p,, + py, there p;, is the noncondensible density and py is the

equilibrium must be determined. The static quality is given by X = , where oy = 1 - 0, The

vapor density. The vapor density is calculated from the thermodynamic tables as p, = p.(T), where p; is
the vapor density at saturation conditions for T. The vapor partial pressure (Py) is obtained from the
thermodynamic tables as Py = P%(T), where P* is the saturation pressure function. The noncondensable gas
partial pressure (P,) is obtained from P, = P - P,. The noncondensable gas density (p,) is obtained from

_ P
pn_RT

n

, where R, is the noncondensable gas constant (See Volume I).

Option 4, with static quality = 1.0, is recommended for containment volumes.

Option 6 (nonequilibrium or equilibrium) is used to set the relative humidity to less than or equal to
100%. The users employ the following method for option 6 for a nonequilibrium vapor-gas-liquid mixture

with a given total pressure (P), vapor/gas temperature (Tg), liquid temperature (Ty), void fraction (ch), and

noncondensable gas quality (Xn = MM—nM) : First calculate the vapor quality (X =1 - X,,). The partial

n S

M.+ M,
MW
‘M
MW, "

pressure of vapor (P) is approximated from the relation P, = X, P, which is exact only if

M, +

both vapor and noncondensable gas are ideal gases and obey Dalton’s mixture law. The variable MW is
the molecular weight of vapor and MW, is the molecular weight of the noncondensable gas. The
thermodynamic property tables are used to obtain the vapor specific internal energy (U,) from the known
values of Pg and T,. The noncondensable gas specific internal energy (U,) is calculated from equations in
Volume I of the code manual. The mixture vapor/gas specific internal energy (U,) is then calculated from
U, = XU, + X,U. Finally, the liquid specific internal energy (Ug) is determined using the

thermodynamic property tables from the known values of P and T.
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The users employ the following method for option 6 for a nonequilibrium vapor-gas mixture (no

liquid) with a given total pressure (P), vapor/gas temperature (Ty), and a fractional relative humidity (¢):

The noncondensable quality X, is first determined. The humidity ratio (or specific humidity) (®) is defined

by o = I\TS Assuming both vapor and noncondensable gas are ideal gases, the humidity ratio can be

MW,

expressed as ® = MW ITS’ where P, = P - P, MW is the vapor molecular weight, and MW, is the

noncondensable molecular weight (note: for steam and air, hl\jll\\zs = 0.622). The fractional relative

S

humidity is given by ¢ = llz—
g

. where P, is obtained from the thermodynamic property tables as

P, = PS(Tg) and Pg is the partial pressure of vapor. Using P, = ¢P,, then ® can be determined. Using

Xn= Mn = 1
M, +M, o+l

, then X, can be determined. The vapor quality X, is given by X, =1 - X,. The

thermodynamic property tables are then used to get the vapor specific internal energy (U) from the known
values of P and T,. The noncondensable gas specific internal energy (U,) is calculated from equations in
Volume I of the code manual. The mixture vapor/gas specific internal energy (U,) is the calculated from

U, = XU, + X U;. The liquid specific internal energy (Uy) is determined using the thermodynamic tables
from U; = U3(P,) where Uy is the liquid specific internal energy at saturation conditions for pressure P.

The void fraction (ch) is input a 1.0.

2.3.5 Water Packing

The volume control flag p is used to activate the water packing mitigation scheme. The scheme is
invoked if the detection criteria are met.

The number of partial time step repeats is shown in the hydrodynamic volume statistics block (time
step control information) in the major edit. Both the number of repeats since the last major edit and for the
whole calculation are shown.

2.3.6 Countercurrent Flow Limitation Model

The countercurrent flow limitation (CCFL) model (discussed in detail in Section 3 of Volume I) is
controlled by the junction control flag. The CCFL flag (f) can be used with a single-junction, pipe, annulus,
branch, valve, pump, and multiple junction. It cannot be used with a time-dependent junction, separator, jet
mixer, ECC mixer, turbine, or accumulator. Setting f = 1 will activate the CCFL model if all other
conditions are met, and setting f = 0 will not activate the model. The other conditions are as follows:

1. The orientation of both the connecting volumes cannot be horizontal (i.e., the elevation
angle must be greater than or equal to 45 degrees).
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2. Both vapor/gas and liquid phases must be present.

3. Countercurrent flow must exist, with liquid flowing down and vapor/gas flowing up.

As with the choking model, we recommend that if a junction is designated CCFL (f = 1), then an
adjacent junction should not be designated CCFL (f = 0). It is anticipated that this flag will find use in
activating the CCFL model in such internal structures as the upper core tie plate, downcomer annulus,
steam generator tube support plates, and entrance to the tube sheet in the steam generator inlet plenum.

Junction data cards can be used to input four quantities (junction hydraulic diameter, correlation
form, vapor/gas intercept, and slope). For these CCFL junction data cards, all four quantities must be
entered (must have five quantities for pipe and multiple junction). If no card is entered but the CCFL flag f
is set to 1, then default values of the four quantities will be used. Presently, the default values are

172
(3

D; = =
B = 0
c = 1
m = 1

This corresponds to a Wallis CCFL correlation with a vapor/gas intercept of 1 and a slope of 1,

which, according to Wallis,z'3'5 is the case for turbulent flow (m = 1) and when end effects are minimized

(c=1).

The input was made general so that the user can input CCFL correlations for the particular geometry

of interest. Wallis,2'3'5 Bankoff et .511.,2'3'6 and Tien et al. 237 discuss numerous examples, and these, along
with other references, should be consulted in order to justify the use of a particular correlation for a given
geometry. Wallis suggests m = 1 for a turbulent flow, ¢ = 0.725 for tubes with sharp-edged flanges, and
¢ =0.88 to 1.0 for tubes when end effects are minimized. Bankoff suggests § = tanh (YkcDj), where the

critical wave number k, = %{—n corresponds to the maximum wavelength that can be sustained on a
P

interface of length t; (the plate thickness), and yis the perforation ratio (fraction of plate area occupied by

holes). Bankoff suggests m = 1 and ¢ of the form

c=1.07+433x10°D" D"<200 (2.3-4)

=2 D">200
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where D” is a Bond number defined as

172

(2.3-5)

D = nnD[g(pr— pg)}

b}

and n is the number of holes. Tien uses the Kutateladze form (B = 1), but the form of ¢ allows the Wallis
form also to be invoked for small diameters. He suggests ¢ of the form

¢ = ¢ [tanh cg (D)4,

where D" is a Bond number defined differently from Equation (2.3-5) as

N —

D = D[@] . (2.3-6)

The values of m, ¢7, and cg Tien found for four different conditions are provided in Table 2.3-1.

Table 2.3-1 Values of m, c7, and cg for Tien’s CCFL correlation form.

Tests m ¢y cg
Nozzle air supply with tapered inlet 0.8 2.1 0.9
Nozzle air supply with sharp edge inlet 0.8 2.1 0.8
Indirect air supply with tapered inlet and sharp 0.65 1.79 0.9
edge output
Indirect air supply with sharp edge inlet and 0.65 1.79 0.8
tapered output

With regard to guidelines for plant-specific geometry (i.e., tie plates, support plates, etc.), flooding
data obtained in measurements from the plant geometry should be used to generate an appropriate CCFL
model that can be input with CCFL junction data cards.

Wallis,2'3'5 Banl<0ff,2‘3"6 and Tien>37 discuss the effects of viscosity, surface tension, and
subcooling on the correlations. At the present time, these effects have not been directly incorporated into

the form of the CCFL correlation used in RELAP5-3D® . We anticipate that these, particularly the
subcooling effects, will be addressed in future modifications to the code.
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2.3.7 Level Tracking Model

The volume control flag 1 in tlpvbfe is used to activate the level tracking model as described in
Volume I. If more than one junction is connected to the top of the volume or if more than one junction is
connected to the bottom of the volume, the mixture level model is not used and is turned off.

If the volume control flag is set, the major edit will print out parameters associated with the mixture
level in the hydrodynamic volume. The parameters are voidla, the void fraction above the level; voidlb, the
void fraction below the level; vollev, the location of the level within the volume; and vlev, the velocity of
the level movement. The parameters voidla, voidlb, and vollev, can also be written to the restart-plot file if
a 2080XXXX card is used and can be used in minor edit requests.

2.3.8 Thermal Stratification Model

The volume control flag t in tlpvbfe is used to turn on the subcell resolution scheme in the model.
The model is invoked if the detection criteria are satisfied. The model is intended for one-dimensional
components only.

The thermal stratification model should be used to improve the accuracy of calculations where there
is a warm liquid layer appearing above a cold liquid in a vertical stack of cells. A complete description of
the model is presented in Section 3 of Volume I.

2.3.9 Energy Conservation at an Abrupt Change

The junction control flag e in jefvcahs is used to activate the modification to the energy flux term
described in Volume I. This model is recommended for break junctions that connect to containment
volumes that are modeled using regular volumes (not time-dependent volumes).

2.3.10 Jet Junction Model

A single-junction (sngljun) component may be flagged as a jet junction. A j value of 1 on the junction
flags (jefvcahs) labels the junction as a jet junction. Jet junctions are used where subcooled liquid is
injected into the bottom of a stratified pool. The flag activates logic to increase the condensation rate on the
surface of the pool. Condensation is only enhanced in the volume above the jet when the volume is in
vertical stratification or a level exists from the level model. Normally the letters VST appear in the major
edits and 13 appears for the flow regime number (floreg) in the minor edits and on the restart-plot file
when vertical stratification exists in a volume and the letters LEV appear on the major edits and 14 appears
for the flow regime number (floreg) in the minor edits and on the restart-plot file when a level exists in a
volume from the level model. However, when the liquid interfacial coefficient has been altered by the jet
junction model and the volume is either in vertical stratification or a level exists from the level model, the
letters JET appear in the major edits and 15 appears for the flow regime number (floreg) in the minor edits
and on the restart-plot files.
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2.4 Hydrodynamic Components

The basic two-fluid model is applied uniformly to all volumes and junctions. Thus, the programming
design of the hydrodynamic calculation is primarily organized on volumes and junctions. Components are
organized collections of volumes and junctions and, to a lesser extent, the program is organized on
components. Components are designed for either input convenience or to specify additional specialized
processing. A pipe component is an example of a component designed for input convenience, since by
taking advantage of typical features of a pipe, several volumes and junctions can be described with little
more data than for one volume. Pump and valve components are examples of components requiring
additional processing. A pump component includes data defining pump head and torque characteristics for
single-phase and two-phase conditions as a function of pump angular velocity. A pump component
requires additional processing to advance the differential equation defining pump angular velocity. A valve
component requires additional data defining its characteristics and additional processing to calculate the
junction flow area as a function of valve position.

Components are numbered with a three-digit number, 001 - 999. Components need not be in strictly
consecutive order so that changes to a model of a hydrodynamic system requiring addition or deletion of
components are easily made. Volumes and junctions within a one-dimensional component are numbered
by appending a six digit number to the component number, CCCXX0000. The CCC is the component
number, and XX is numbered consecutively starting at 01 for the volumes and junctions in the
one-dimensional components. Volumes and junctions within a multi-dimensional component are
numbered by appending a six digit number to the component number, CCCXYYZZ0. The CCC is the
component number, X is the position number in the first coordinate direction (x in Cartesian geometry, r in
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cylindrical geometry), YY is the position number in the second coordinate direction (y in Cartesian

geometry, 0 in cylindrical geometry), and ZZ is the position number in the third coordinate direction (z in
both Cartesian and cylindrical geometries).

2.4.1 Common Features of Components

Each volume’s flow area, length, and volume must be supplied as input. As noted above, each
one-dimensional volume has a x-coordinate direction along which fluid flows in a positive or negative
direction, and may have y- and z-coordinate directions if crossflow connections are made to the volume or
if the multi-dimensional component is used. The x-volume flow area is the volume cross-sectional area
perpendicular to the x-coordinate direction. The x-volume length is the length along the x-coordinate
direction and similarly for the y- and z-coordinate directions. The hydrodynamic numerical techniques
require that the volume be equal to the volume flow area times the length for each coordinate direction.
This requirement is easily satisfied for constant area volumes, but poses difficulties for irregular shaped

volumes. Since it is very important that such a systems code as RELAP5-3D®  conserves mass and
energy, with momentum being an important but lesser consideration, we recommend that an accurate
volume be used; that the volume flow area be the cross-sectional area averaged over the actual length of
the volume; and the volume length be the quotient of the volume and the flow area. The component input
routines permit the volume, flow area, and length of each volume to be entered as three nonzero positive
numbers or two nonzero positive numbers and a zero. If three nonzero quantities are entered, the volume
must equal the flow area times length within a relative error of 0.000001. If one quantity is zero, that
quantity is computed from the other two. The user need not be concerned with y- or z-coordinate data
unless crossflow connections are made (and even then only if the default data for those coordinates are not
satisfactory) or unless the multi-dimensional component is used.

The volume azimuthal (horizontal) angle specifies the orientation of the volume in the horizontal
plane. The code numerics have no requirement for this quantity; this quantity is entered so a graphics
package can be used to show isometric views of the system as an aid in model checking. Such a graphics

package is available with RELAP5-3D® . The azimuthal (horizontal) angle is checked to verify that its
absolute value is less than or equal to 360 degrees.

The volume inclination (vertical) angle specifies the vertical orientation of the volume. This quantity
is used in the flow regime determination, is used in the interphase drag calculation, and is also used in the
graphics package. The inclination (vertical) angle must be within the range +90 to -90 degrees. The angle O
degrees means the x-coordinate direction is in the horizontal plane; a positive angle means that the
coordinate direction is directed upward; a negative angle means it is directed downward. Slanted vertical
orientation, such as an angle equal to 45 degrees, is permitted. Note that as the inclination (vertical) angle
changes from zero, the y-coordinate is always in the horizontal plane, and that the x- and z-coordinates,
and their associated faces move out of their original horizontal and vertical planes, respectively.

The horizontal flow regime map is used when the absolute value of the inclination (vertical) angle ¢
is less than or equal to 30 degrees. Horizontal flow calculations include a horizontal stratified flow

INEEL-EXT-98-00834-V2 2-32



RELAP5-3D/2.0

capability and a horizontal stratified entrainment/pullthrough model. The vertical flow regime map is used

when the absolute value of the inclination (vertical) angle ¢ is greater than or equal to 60 degrees. Between
30 and 60 degrees, interpolation is used.

The coordinate direction implies the position of the inlet and outlet ends of the volume. The terms
inlet and outlet are convenient mnemonics relative to the coordinate direction but do not necessarily have
any relation to the fluid flow. The direction of fluid flow is indicated by the sign of the velocity relative to
the coordinate direction. For input convenience or ease in output interpretation, the coordinate direction
should be an easily remembered direction, such as the normal flow direction as opposed to the flow in an
accident situation.

As noted in the discussion of Figure 2.1-7, and described further below, a junction connects a
specified end of one volume to the specified end of another volume. This, in turn, establishes relative
positioning of the volumes. Because of gravity heads, the relative position is important to any volume with
a nonzero vertical component of a volume coordinate direction. If the coordinate direction in a volume
with a vertical component is reversed but no other changes are made, the inlet and outlet ends of the
volumes are also reversed. The physical problem is changed since the relative vertical positions of the
volumes are changed. If appropriate changes are made to junctions connecting the reversed volume, such
that the physical problem remains unchanged, the only change in the problem results would be a reversal in
the sign of the vector quantities associated with the volume. Furthermore, given a stack of vertically
oriented volumes, the proper gravity head is computed whether the direction coordinates are all upward, all
downward, or any random distribution. This assumes that junction connections are such that a vertical
stack is specified. As shown in Figure 2.1-7, a change in junction specification can change the relative
position of two volumes from two, vertically stacked volumes to a U-tube configuration.

Input for a volume also includes the elevation change in a volume. The elevation change (Az) is

related to the volume length (Ax) and the calculated elevation angle (Qgje,) by

Az = AX Sin Qgpey - (2.4-1)

Note that the elevation change associated with the x-coordinate has the same sign as the inclination
(vertical) angle. To allow for irregularly shaped and curved volumes, the input elevation change is used for
gravity head calculations. Input checks are limited to the following: the magnitude of the elevation change
must be equal to or less than the volume length; for the x-direction, the elevation change must be zero if the
inclination (vertical) angle is zero; and the elevation change must be nonzero and have the same sign as the
inclination (vertical) angle if the inclination (vertical) angle is nonzero. The volume input does not need
the elevation height of a volume relative to an arbitrary base. The elevation change data performs the same
function in determining gravity heads.

If the hydrodynamic system has one or more loops, the user must ensure that the sum of the elevation
changes of the volumes in each loop is zero. A loop is any hydrodynamic flow path starting at a volume,
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passing through one or more other volumes, and returning to the starting volume. If the net elevation
change in a loop is not zero, an incorrect gravity head exists; this is comparable to having an undesired
pump in the loop. This error is checked by the program. If closure is not within the error criterion of 0.0001
m, an input error will result. Input elevation inaccuracies in the fifth significant figure after the decimal

point (i.e., on the order of 10 m) may or may not accumulate to give a difference of 10m, depending on
the numbering of the components.

The calculated elevation angle ¢, is used in the additional stratified force term when a volume is

not absolutely horizontal. This is discussed in Volume I, Section 3.1.1.4 of the manuals.

In modeling a straight pipe using a RELAP5-3D®  volume, the inclination (vertical) angle ¢ is the
same as the calculated elevation angle ¢.j.,. In modeling a curved pipe using a RELAP5-3D®  volume,

the inclination (vertical) angle ¢ will not be the same as the calculated elevation angle 0qjcy-

Wall friction effects are computed from pipe roughness and hydraulic diameter data entered for each
volume. If the input x-direction hydraulic diameter (Dy ) is zero, it is computed from the x-direction

volume flow area (A, y) assuming the cross-sectional area is circular,

D, = [ (2.4-2)
’ T

If the input y-direction hydraulic diameter (Dy, y) is zero, it is computed from the y-direction volume

flow area (Av’y) and the x-direction volume flow area (A, ), using the formula

Dy, = — vy (2.4-3)

Y (mA, )

This formula was obtained by using Dy, y = 4 A, ,/(wetted-perimeter), where the term wetted-perimeter is

given by 2Ax + 2(m/4)Ay. Note: 2(m/4)Ay is used instead of 2Ay because the cross-sectional area is
assumed to be circular. Then, the 2Ax term is neglected since a larger hydraulic diameter is desired to
minimize the wall friction in the y-direction (the K loss is usually more important). Algebraic manipulation

along with using Ax = Dy, 4, results in Equation (2.4-3).

If the input z-direction hydraulic diameter (Dy, ,) is zero, it is computed from the z-direction volume

flow area (A, ;) and the x-direction volume flow area (A, ), using the formula
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4A,. (2.4-4)

Dy, = —
(MA <)

h,z

The derivation of this formula is similar to the derivation of the formula for Dy, .

A check is made that the pipe roughness is less than half the hydraulic diameter for all three
directions.

Most volumes allow seven control flags (tlpvbfe): the t flag is the thermal stratification flag; the | flag
is the level model flag; the p flag is the water packer flag; the v flag is the vertical stratification flag; the b
flag is the bundle interphase friction flag, recommended for cores and steam generators; the f flag
determines whether wall friction from the volume is to be included or neglected; the e flag controls
whether a nonequilibrium (two phases permitted to have unequal temperature) or an equilibrium (two
phases forced to have equal temperatures) calculation is used. Generally we recommend that wall friction
be computed in the x-direction and usually not in the y-direction or z-direction, and that the
nonequilibrium equation of state be used.

The thermal stratification (t), level model (1), water packer (p), vertical stratification (v), bundle
interphase friction (b), and equilibrium (e) flags can be entered only for the x- coordinate direction. The
friction (f) flag can be entered for the x-, y-, and z-coordinate directions.

System volumes require initial thermodynamic state conditions, and time-dependent volumes require
state conditions as a function of time or a time-advanced quantity. Seven options, numbered O through 6,
are available to specify state conditions. Options O through 3 specify liquid/vapor-only conditions and do
not allow a noncondensable gas. Option O requires pressure, liquid specific internal energy, vapor/gas
specific internal energy, and void fraction. Options 1 and 2 always specify saturation conditions. Option 1
requires saturation temperature and static quality in the equilibrium condition. Option 2 requires saturation
pressure and static quality in the equilibrium condition. Two phases are present if the quality is neither O
nor 1. Option 3 always specifies single-phase conditions and requires pressure and temperature. The next
three options can specify the presence of a noncondensable gas. Option 4 requires pressure, temperature,
and static quality in the equilibrium condition. Equilibrium conditions are assumed, and the vapor/gas
consists of noncondensible gas and vapor at 100% humidity. Option 5 requires temperature, static quality,
and noncondensable quality in the equilibrium condition. Option 6 requires pressure, liquid specific
internal energy, vapor/gas specific internal energy, void fraction, and noncondensable quality.

For options 0 through 6, the boron concentration is assumed to be zero. If 10 is added to the above
option numbers, a boron concentration is required. See Section 3 of Volume I for a complete description of
the boron transport model. Boron is assumed to be only present in and to be convected by liquid. If a
volume with liquid and boron has the liquid removed by convection, the boron is also removed. If the
liquid is evaporated, the boron remains. This is analogous to boron precipitating out as liquid is
evaporated. Infinite solubility of boron in liquid is assumed and boron remains in solution regardless of its
concentration until all of the liquid disappears. Boron instantly redissolves the instant the quality becomes
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less than 1. Boron concentrations are computed using only a boron continuity equation for each volume.
Boron is assumed to have no momentum, no internal energy, and to have no effect on the equation of state.

Junctions connect two volumes by specifying a connection code for each volume. The connection
code specifies both the volume and a specific face of the volume. Except for a pipe component, current
components have only one volume, and a component reference is essentially a volume reference. The
connection codes for each component type are described in the beginning of the input description for that
component, as well as in Section 2.1.

The junction coordinate direction is from one volume face to another volume face and the input
description use the words FROM and TO to identify the connections. If a junction is reversed, the sign of
the vector quantities associated with the junction are reversed. To maintain the same physical problem, no
further changes are needed in other components. The initial velocities in reversed system junctions or
time-dependent velocities in time-dependent junctions should also be reversed.

Two quantities, the junction flow area and the junction area ratio (throat ratio), are defined from the
user-supplied junction area (physical junction area at the throat). These are printed in the major edit as
JUN.AREA and THROAT RATIO. Junctions can connect two volumes with possibly different volume
flow areas, and the junction can also have a different flow area. Two options (smooth area and abrupt area)
are provided for calculating area change effects as the fluid flows through the upstream volume flow area,
the junction flow area, and the downstream volume flow area.

The smooth area change option uses only the stream tube form of the momentum equations that
includes spatial acceleration and wall friction terms. This option should be used when there are no area
changes or when the area changes are smooth, such as in a venturi. There are no restrictions on the
user-supplied junction area for smooth area changes, and the user-supplied junction area may be smaller
than, larger than, or between the adjacent volume flow areas. The junction flow area is set to the
user-supplied junction area and the junction area ratio is set to 1.0 (except for valves, where the junction
area ratio can be less than 1.0).

The abrupt area change option consists of two suboptions. The abrupt area change option (a = 1)
provides for area apportioning at branches, restricted junction area, extra interphase drag (see Volume 1V),
and additional losses resulting from abrupt expansions, abrupt contractions, orifices, and vena-contracta
effects. The abrupt area change option (a = 2) includes everything in the a = 1 option except for the losses.
The user-supplied junction area (for a = 1 or a= 2) must be equal to or less than the minimum of the
adjacent volume flow areas for an abrupt area change (i.e., restricted junction area). The junction flow area
is then set to the minimum of the adjacent volume flow areas, and the junction area ratio is set to the ratio
of the user-supplied junction area and the minimum of the adjacent volume flow areas. The junction area
ratio may be less than 1.0 for orifices and valves. When the user-supplied junction area equals the
minimum of the adjacent volume flow areas, the junction area ratio is 1.0, and the junction is a
contraction/expansion. Program logic checks flow direction, and an expansion with flow in one direction is
treated as a contraction when flow reverses, and vice versa. If the user-supplied junction area is less than
the minimum of the adjacent volume flow areas, an orifice is indicated, and the junction area ratio is less
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than one. Specifying the abrupt area change options (a = 1 or a = 2) when there is no area change gives the
same result as specifying the smooth area change option (a = 0), but slightly more computer time is
required.

Valve junctions using any area change options vary the junction area ratio as the valve opens and
closes.

Junction velocities correspond to the junction flow area. Thus, the flow rate of a phase is the product
of the appropriate junction volume fraction (donored quantity), the junction density (donored quantity), the
junction velocity, and the junction flow area. For orifices and valves, the actual physical velocity is higher
at the minimum area, which is the junction flow area multiplied by the junction area ratio. The junction
area ratio is used to compute the velocity at the minimum area, when needed, such as in the choked flow
model.

For user convenience, if the user-supplied junction area is zero, it is set to the minimum of the
adjacent volume flow areas regardless of the area change option. This is the proper default value for most
junctions, and only smooth area changes (where there is an area change) and orifices need nonzero
user-supplied junction areas.

Junction user-inputted loss coefficients can be entered when additional losses above or instead of the
wall friction and abrupt area change losses are needed. These losses could arise from pipe bends,
irregularly shaped volumes, entrance or exit losses, or internal obstructions. Since the abrupt area change
loss model (a = 1) is only for sudden (i.e., sharp, blunt) area changes, it is in general too high and not
applicable for rounded or beveled area changes. The user input loss coefficients without using a = 1,
should be used for rounded or beveled area changes. Six coefficients are entered. Three are for forward
(positive) flow, where one is for the Reynolds number independent part and two are for the Reynolds
number dependent part. The other three are for reverse (negative) flow, where one is for the Reynolds
number independent part and two are for the Reynolds number dependent part. The coefficients are applied
to the junction dynamic pressure. Zero coefficients mean no additional losses are computed.

Table 2.4-1 shows the junction flow area, abrupt area change model loss, and user-input loss for area
change options a = 0, 1, and 2. The user input loss is optional in all three cases. For area change option
a =1, the abrupt area change model loss and the optional user-input loss are additive.

Table 2.4-1 Area change options.

Area change | Junction flow | Abrupt area User-input
option (a) area change model loss
loss
0 User-supplied No Optional
junction area
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Table 2.4-1 Area change options. (Continued)

Area change | Junction flow | Abrupt area User-input
option (a) area change model loss
loss
1 Minimum of Yes Optional
adjacent volume
flow areas
2 Minimum of No Optional
adjacent volume
flow areas

If junction user-supplied loss coefficients are entered and the abrupt area change option (a = 1 or
a =2) is selected, the user should note that the junction area is set to the minimum of the adjacent volume
flow areas rather than the user-supplied junction area. Thus, the user-inputted loss coefficient needs to be
adjusted for the difference between the minimum of the adjacent volume flow areas and the user-supplied
junction area. For example, if the loss coefficient associated with the user-supplied junction area is K, then

the adjusted loss coefficient KJ would be computed as
(2.4-5)

where A, is the user-supplied junction area and A, is the minimum of the adjacent volume flow areas.

It is important to note that RELAP5-3D® computes interfacial drag at junctions rather than within
volumes. This has important implications with respect to modeling reactor core bundles and steam
generator bundles. In these instances, the user should invoke the bundle interfacial drag model by
specifying b = 1 on the volume control flags (see Appendix A). In addition, in modeling grid spacers as
junctions within the core or steam generator bundle, the user should specify the junction area and hydraulic
diameter as equal to that for the bundle, rather than those characteristics of the grid spacer. The reason for
this is that the bundle interfacial drag model was formulated on the basis of bundle geometry. In order to
achieve the correct pressure drop at each grid spacer junction, the user should input a loss coefficient that is
adjusted for the difference between specifying bundle geometry rather than grid geometry. For example, if

the loss coefficient associated with the grid spacer is K;, then the adjusted loss coefficient KJ would be

computed as

Ay

2
Ag

INEEL-EXT-98-00834-V2 2-38



RELAP5-3D/2.0

where A, is the flow area of the grid spacer and Ay, is the flow area of the bundle. In modeling the upper

core tie plate, the user should specify the junction area and hydraulic diameter characteristics of the tie
plate. The reason is the CCFL model was formulated based on actual geometry.

Eight control flags are associated with junctions (jefvcahs). The j flag is the jet junction flag,
recommended at junctions where subcooled liquid is injected into the bottom of a pool. The e flag is the
energy correction flag, recommended at break junctions into a containment. The f flag is the CCFL model
flag, recommended for tie plates, downcomer annulus, etc. The v flag is the stratification
entrainment/pullthrough model flag, recommended at break junctions connected to horizontal and vertical
volumes.

The c flag controls applications of the choking model. The recommended input junction flags when
the choking model is on (c = 0) are abrupt (a = 1 or 2) and nonhomogeneous (h = 0). (1) With regard to the
abrupt area options (a = 1 or 2), these are discussed in Section 2.4.1. The full abrupt area change model (a
= 1, code calculated losses) is recommended for sudden (i.e., sharp, blunt) area changes, while the partial
abrupt area change model (a = 2, no code calculated losses, user input losses are to be used) is
recommended for rounded or beveled area changes. The extra interphase drag term (see Volume IV) in the
abrupt area model (a = 1 or 2), helps ensure more homogeneous flow that would be expected through a
sudden area change. The smooth area change option (a = 0) is recommended only for when there is no area
changes or there are smooth area changes (i.e., venturi). (2) With regard to the nonhomogeneous (h = 0)
option, it is generally recommended that h = O be used. There may be rare situations where the combined
interphase drag is too low, resulting in too much slip and too low mass flow. For this situation, the
homogeneous option (h = 1 or 2) is recommended. (3) The user should monitor the calculated results for
nonphysical choking. If this occurs, the user should turn choking off (¢ = 1) at junctions where this occurs.

The a flag is for the area change option, and has already been discussed. The h flag controls the type
of momentum treatment; two-velocity, or one-velocity models. The two-velocity model is recommended
except as indicated above. The s flag controls whether the momentum flux is to be used.

System junctions require initial velocities, and time-dependent junctions require velocities as a
function of time. Two options are available to specify the velocities. One option requires the velocities; the
other requires mass flow rates from which the velocities are computed. If the flow is single-phase, the
velocity of the missing phase is set to that of the flowing phase. This matches the transient calculation that
computes equal phasic velocities when one phase is missing. The velocity conditions also require an
interface velocity. This input is for future capability involving moving volume interfaces. For now, the
interface velocity must be set to zero.

2.4.2 Time-Dependent Volume
A time-dependent volume must be used wherever fluid can enter or leave the system being

simulated. The geometry data required are similar to system volumes, but during input processing the
volume’s length, elevation change, and volume are set to zero. With the staggered mesh, the pressure

2-39 INEEL-EXT-98-00834-V2



RELAP5-3D/2.0

boundary would be applied in the center of the time-dependent volume. Setting these quantities to zero
moves the boundary to the edge of the system volume.

The state conditions as a function of time or some time-advanced quantity are entered as a table, with
time or the time-advanced quantity as the independent or search variable. The table must be ordered in
increasing values of the search variable, and each succeeding value of the search variable must be equal to
or greater than the preceding value. Linear interpolation is used if the search argument lies between search
variable entries. End point values are used if the search argument lies outside the search variable entries. If
constant state values are desired, only one set of data consisting of any search value and the associated
constant data needs to be entered. The program recognizes when only one set of data is entered, and
computer time is saved since the equation of state is evaluated only once rather than every time
advancement. Step changes can be accommodated by entering two adjacent sets of data with the same time
or an extremely small time difference.

The default search argument is time. If no trip number is entered, or if the trip number is zero, the
current advancement time is used as the search argument. When a nonzero trip number is entered, a unit
step function based on the time the trip was last set is applied. If the trip is false, the search argument is
-1.0. When the trip is true, the search argument is the current advancement time minus the last time the trip
was set. Thus, the search argument is always -1.0 when the trip is false and can range between zero and the
problem time when the trip is true. A time-dependent volume could have some constant condition when
the trip is false. In order to ensure proper operation for the constant condition, both a card with a negative
search argument and a card with a zero search argument need to be entered (see example in Volume V).
When the trip is true, it could follow a prescribed function of time where the time origin is the time of the
trip not the start of the transient.

Through an input option, nearly any time-advanced quantity can be specified as the search argument.
The allowed quantities are listed in the input description. The search variables in the table are assumed to
have the same units as the search argument, and the table lookup, interpolation, and treatment of out of
range arguments are identical to those described for the default time argument. However, handling of trips
is different. If the trip number is zero, the current value of the specified time-advanced variable is used. If
the trip number is nonzero, the time delay cannot be applied as for the default time case, since the search

argument may not be time. Thus, if the trip is false, the search argument is -1.0x10%%8; if the trip is true, the
current value of the specified variable is the search argument.

When time is the search argument, the current value is the value at the end of the time step; for any
other variable, the current value is the value at the beginning of the time step. Time is the default search
argument, but time can also be specified as the search argument through the input option of naming a
time-advanced variable. These two uses of time as the search argument are different if a trip is used, since
the default method can apply a time delay and the other cannot.
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2.4.3 Time-Dependent Junction

Time-dependent junctions can be used whenever the phasic velocities or phasic mass flow rates are
known as a function of time or other time-advanced quantity. Time-dependent junctions can connect any
two system volumes, or a system volume and a time-dependent volume. Phasic mass flow rates are
converted to phasic velocities using the upstream phasic densities and upstream phasic volume fractions.
Examples of their use would be to model a constant displacement pump in a fill system, a pump or a valve
(or both), by using an associated control system or measured experimental data. Time-dependent junctions
are also used frequently in test problems to check code operation.

The phasic velocities or phasic mass flow rates in the time-dependent junction as a function of time
or the time-advanced quantity are entered as a table, with time or the time-advanced quantity as the
independent or search variable. The requirements, interpolation, and trip logic are identical to that for
time-dependent volumes.

The capability of using time-advanced quantities as search arguments can be used to model
pressure-dependent liquid injection systems. If the injection flow is a function of the pressure at the
injection point, the volume pressure at that point is used as the search argument. A trip is defined to be true
when the injection system is actuated. Entry of table data with a negative pressure and zero flows causes
the flow to be zero when the trip is false. In order to ensure proper operation for zero flow, both a card with
negative pressure and a card with a zero pressure need to be entered (see example in Volume V). The
remaining table entries define the injection flow as a function of positive pressures. The source of injection
liquid is a time-dependent volume. The pressure of the liquid supplied by the time-dependent volume
could also be a function of the pressure at the injection volume to represent the work of pumping the liquid
into the system. If the injection flow is a function of a pressure difference, the pressure difference can be
defined by a control system variable, and that control variable is then defined as the search argument.

Some uses of time-dependent junctions can cause modeling difficulties. When using a
time-dependent junction to specify flow from a time-dependent volume into the system, the incoming
phasic densities, phasic volume fractions, phasic velocities, phasic mass flows, and phasic specific internal
energies can be specified. But when using a time-dependent junction to specify flow out of a system, the
phasic densities, phasic volume fractions, and phasic specific internal energies of the fluid leaving the
system are not known in advance. Thus, use of time-dependent junctions to control outflow is not
recommended. The following is one example of a modeling problem. The user anticipates that a volume
will contain only vapor/gas and accordingly sets a time-dependent junction to a nonzero vapo/gas flow and
zero liquid flow. If the user anticipated incorrectly and liquid condenses or is carried into the volume, the
liquid will accumulate unrealistically since it cannot leave the system.

In a simple pipe modeling application, a time-dependent volume and junction can be used to specify
the inlet flow. Likewise, a time-dependent volume and time-dependent junction can model the feedwater
flow into a reactor steam generator. Controlling the fluid flow out of the pipe or controlling the
liquid-vapor/gas flow out of the steam generator through a time-dependent junction is not recommended. If
a system junction (flows computed by the simulation rather than specified as boundary conditions)
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connected to a time-dependent volume is not sufficient, perhaps a servo valve can provide the required
simulation.

2.4.4 Single-Volume

A single-volume component is simply one system volume. A single-volume can also be described as
a pipe component containing only one volume. This single-volume component uses fewer input cards and
fewer data items than does a pipe component. However, if the single-volume might be divided into several
volumes for nodalization studies, we suggest the pipe component, since such changes are quite easy for

pipes.

2.4.5 Single-Junction

A single-junction component is simply one system junction. It is used to connect other components
such as two pipes. Initial junction conditions can be phasic velocities or phasic mass flow rates.

2.4.6 Pipe

A pipe component is a series of volumes and interior junctions, the number of junctions being one
less than the number of volumes, and the junctions connect the outlet of one volume to the inlet of the next
volume. Pipe components can be used for those portions of the system without branches. Pipe components
offer input conveniences, since most characteristics of the volumes and junctions in a pipe are similar or
change infrequently along the pipe, and input data requirements can be reduced accordingly. Because of
the sequential connection of the volumes, junctions are generated automatically rather than being
individually described. Although the input is designed to assume considerable similarity in volume and
junction characteristics, any of the volume and junction features (such as flow area, orientation, pipe
roughness, or control flags) can be changed at each volume or junction.

2.4.7 Branch

Branch components are provided to model interconnected piping networks. The branching model is
based on one-dimensional fluid flow, which is adequate for most cases of branching and merging flow.
Such situations include wyes, parallel flow paths from upper and lower plenums, and any branch from a
vessel of large cross-section. For branching situations where phase separation effects caused by
momentum or gravity are important, an approximate mapping technique can be used to map the
two-dimensional situation into the one-dimensional space of the fluid model.

A branch component consists of one system volume and zero to nine junctions. The limit of nine
junctions is due to a card numbering constraint. Junctions from other components, such as single-junction,
pump, other branch, or even time-dependent junction components, may be connected to the branch
component. The results are identical whether junctions are attached to the branch volume as part of the
branch component or are in other components. Use of junctions connected to the branch, but defined in
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other components, is required in the case of pump and valve components and may also be used to attach
more than the maximum of nine junctions that can be described in the branch component input.

2.4.8 Pump

The pump component model can be separated into models for hydrodynamics, pump-fluid
interaction, and pump driving torque. The pump component input provides information for the
hydrodynamic and pump-fluid interaction models and may optionally include input for an electric motor to
drive the pump. A pump may also be connected to a shaft that is a specialized component within the
control system. A shaft component is used when the pump is driven by a turbine or by an electric motor
with a control system to regulate speed.

2.4.8.1 Pump Model Description. The hydrodynamic model of a pump component consists of
one volume and two associated junctions. The coordinate directions of the junctions are aligned with the
coordinate direction of the volume. One junction is connected to the inlet and is called the suction junction;
the other junction is connected to the outlet and is called the discharge junction. The pump head, torque,
and angular velocity are computed using volume densities and velocities. The head developed by the pump
is divided equally and treated like a body force in the momentum equations for each junction. With the
exception of the head term, the hydrodynamic model for the pump volume and junctions is identical to that
for normal volumes and junctions.

2.4.8.1.1 Pump Performance Modeling--Interaction of the pump and the fluid is
described by empirically developed curves relating pump head and torque to the volumetric flow and pump
angular velocity. Pump characteristic curves, frequently referred to as four-quadrant curves, present the
information in terms of actual head (H), torque (t), volumetric flow (Q), and angular velocity (®). These
data are generally available from pump manufacturers. For use in RELAP5-3D® | the four-quadrant
curves must be converted to a more condensed form, called homologous curves, which use dimensionless
quantities. The dimensionless quantities involve the head ratio, torque ratio, volumetric flow ratio, and
angular velocity ratio, where the ratios are actual values divided by rated values. The rated values are also
required pump component input and correspond to the design point or point of maximum efficiency for the

pump.

The homologous curves are entered in tabular form, and the dependent variable is obtained as a
function of the independent variable by a table search and linear interpolation scheme. There is a separate
set of curves for head and torque, and each set is composed of eight curves. Not all the regimes need be
described by the input, but a problem is terminated if an empty table is referenced. Both head and torque
data must be entered for the regimes that are described with input.

The homologous curves for pump head and torque are for single-phase operation. These same tables
are used by the two-phase pump model, but additional data must be input to model two-phase degradation

effects.

Pump head data are always used in the momentum equations. Torque data may or may not be used in
computing pump rotational velocity, depending on the pump motor model selected and if it is energized or
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not. However, both head and torque are used to determine pump energy dissipation, and consistent data
must therefore be entered. The pump homologous data should be checked by computing pump efficiency

from the homologous data. No such checking is currently included in RELAP5-3D® | nor is the operating
efficiency edited on major edits.

The pump energy dissipation (see Volume I, Section 3.5.4) is given by

DISS = to - gH(opeve+ 0 p,ve) A 24-7)

and the pump efficiency (n) is given by

_ gH(oupeve+ 0P V) A
0 '

(2.4-8)

n

The pump energy dissipation is normally positive, and the pump efficiency is normally less than 1. If the
efficiency exceeds 1 (i.e., the pump energy dissipation is negative), the code will take the thermal energy
from the fluid and convert it to work. To avoid this, the user must input the rated torque carefully.

The sign conventions for various pump quantities are as follows: a pump operating in the normal
pump regime has a positive angular velocity; the volumetric flow is positive if it is in the same direction as
the volume coordinate direction; the head is positive if it accelerates the flow in the volume coordinate
direction; and the torque is that exerted by the fluid on the pump and is negative if it tends to decelerate the
pump. In normal pump regimes and in steady-state, this torque is negative and is balanced by the positive
torque from the pump motor.

2.4.8.1.2 Pump Data Homologous Representation--The use of pump performance data
in terms of nondimensional homologous parameters is often confusing. The purpose of this discussion is to
briefly outline rules for a procedure to properly use the homologous data.

The homologous parameters for pumps are obtained from dimensional analysis that can only provide
the conditions for similarity. Three independent parameters are obtained from application of

Buckingham’s Pi theorem. 241 They are

_ Q )
m =L (2.4-9)
i
2
n, = 9Q § (2.4-10)
(g’
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m o= (2.4-11)

(2.4-12)

The first parameter, 7, is analogous to a Reynolds number and is the only parameter involving the

fluid kinematic viscosity, v. Experience with pump design and scaling has shown that viscous effects
caused by skin friction are small, especially for high Reynolds number flows, and, in practice, the

requirement to maintain 1; constant is not used. The use of ,, 73, and 7, to correlate pump performance
has proven quite useful. The parameter m, is called the specific speed and is often used as a single

parameter to characterize the type of pump impeller best suited for a particular application. In practice, the
acceleration of gravity, g, is omitted, and the specific speed is simply defined as

o, = 22 (2.4-13)

where the pump speed ® is in rpm, the capacity Q is in gpm, and the head H is in ft. In this form, @, is not

dimensionless but has a history of usage that still persists.

Two performance parameters that are used for pump modeling are the specific nondimensional

capacity,
Q=L (2.4-14)
oD

H, = . (2.4-15)

The D that appears in Equations (2.4-14) and (2.4-15) is a characteristic dimension of the pump and
is assumed to be the impeller diameter. When scaling pump performance using homologous parameters,
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the implication is that all pump dimensions are geometrically similar (i.e., changing D implies a
proportional change in impeller width, leakage paths, and in all linear dimensions of the pump).

When the pump torque performance is included, one additional dimensionless parameter is obtained
from dimensional analysis and is

T = Tz - (2.4-16)
pw D

where 75 is the nondimensional specific torque.

Generally, constant density is assumed, so the dimensional specific torque used in constructing the
homologous representation is reduced to

T, = —— . (2.4-17)

Homologous states are states for which specific capacity, head, and torque are all constant. Thus, at
any state it is possible, within the limitations of similarity theory, to predict the performance for other
combinations of speed, head, and flow that have the same homologous state. It is also possible to scale
pump performance with reasonable accuracy to account for changes in physical pump size through the
diameter D by keeping the homologous parameters fixed.

Pump performance data are usually displayed by plotting head and torque as functions of speed and
volumetric flow. Figure 2.4-1 is a four-quadrant pump curve for the Semiscale MOD1 pump, and has
speed and flow as independent variables with lines of constant head.

Figure 2.4-2 is a comparable four-quadrant plot of the Semiscale MOD1 pump torque data. All
possible operating states of the pump are represented on such plots. These data for a particular pump can
be approximately collapsed into a single curve by nondimensionalizing specific head and capacity
parameters for corresponding homologous operating points using the design point values for head,
capacity, and speed.

All points on Figure 2.4-1 having the same specific capacity are straight lines passing through the
origin (lines of constant Q/®). The impeller diameter is omitted from the homologous parameters since it is
constant for a particular pump. The design operating point is indicated by the cross. The line of constant

Q/m, passing through the design point and its reflection about the ordinate divides each quadrant into two
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octants. Each of these eight octants is named according to the convention listed in Table 2.4-2, for the
purpose of constructing the homologous representation.

Table 2.4-2 Pump homologous curve definitions.

Regime Regime o v vio Independent Dependent® | Dependent?

number mode . a variable variable
variable
ID name head torque

1 HAN BAN >0 >0 <1 viou h/o2 [3/062
Normal

pump

2 HVNBVN | >0 | >0 | >1 /v h/v? B/v?
Normal

pump

3 HADBAD | >0 | <0 | >-1 vio, h/oc? Blo
Energy
dissipation

4 HVD BVD >0 <0 <-1 o/v h/v2 B/Vz
Energy
dissipation

5 HAT BAT <0 <0 <1 v/o h/o2 B/az
Normal
turbine

6 HVT BVT <0 <0 >1 o/v h/v2 B/VZ
Normal
turbine

7 HAR BAR <0 >0 >-1 v/iou h/o2 B/az
Reverse

pump

8 HVR BVR <0 >0 <-1 oV h/v2 B/VZ
Reverse

pump

a. oL = rotational ratio; v = volumetric flow ratio; h = head ratio; and B = torque ratio. Note: For the case o =0

and v=0in regime 2, h=0and § =0.

The four-quadrant pump head and torque maps in Figure 2.4-1 and Figure 2.4-2 can be reduced to
the homologous representation curves in two steps. First, the maps are made dimensionless by using the

rated head, Hg, flow, Qg, speed, g, and torque, Tg, to form corresponding dimensionless parameters

H Q

h==>,v==,0=2 and B = X, respectively. Second, the data are plotted in terms of the
Hy Qr Wr Tr
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homologous parameter h/a? or h/v2, v/o. or /v, and B/oc2 or B/vz. The parameter used depends upon the
octant in which the curve is being plotted. The choice is made so that the values are bounded (i.e., the
denominators never vanish and, in the case of the capacity parameter, the range of variation is confined
between plus and minus 1.0). Figure 2.4-3 is the homologous head curve that is obtained from the head
map in Figure 2.4-1. Note that not all points fall on a single curve. This is a result of the inexact nature of
the similarity theory. Real pumps do not perform exactly according to the similarity relations due to
leakage, viscous effects, etc.; however, the correspondence is surprisingly close, as evidenced by the tight
clustering of points. The homologous curve for the torque data of Figure 2.4-2 is shown on Figure 2.4-4.
Since the data do not form a single curve, the design operating usual approach is to use least squares or
other smoothing techniques to obtain curves passing through the point (1.0, 1.0). These curves must also be
continuous at the point v/a or o/v equal to + 1.0. The legends on Figure 2.4-3 and Figure 2.4-4 have a key
indicating which of the homologous parameters are used in each octant. All combinations of head, flow,
speed, and torque can now be located on a corresponding segment of the homologous curve. Note that the
impeller diameter parameter that appears in the dimensionless similarity parameters is not used in the
homologous reduction of the four-quadrant representation; thus, special considerations are necessary for
application of the data to a larger but geometrically similar pump. The advantage of using the homologous
pump performance data representation in a computer code is obvious. Two-dimensional data arrays and
two-dimensional interpolation are avoided, and, only two parameter tables and one-dimensional
interpolation are required.

2.4.8.1.3 Homologous Data and Scaling--In most system simulation tasks, complete
pump performance data are not available. Usually, only first-quadrant data are available (normal
operation), and sometimes only the design or rated values are known. In the case of full-scale nuclear
power plant pumps, it is difficult to test the pumps in all octants of operation or even very far from design
conditions. The usual approach to obtain data for such systems is through the use of scaled-down pump
tests.

The scaled pump test data can be for the same physical pump operated at reduced speed or for a
pump scaled in size such that similarity is preserved. For the case of a pump scaled in size, it is necessary
to maintain the similarity in specific head, capacity, speed, and torque parameters. (Note that the diameter
was dropped in the development of the homologous performance model since a fixed configuration was
considered.) Consideration of the diameter change must be implicitly included in the selection of “rated”
parameters to properly account for changes in geometric scale. The homologous parameters, including the
impeller diameter, are given in Equations (2.4-14), (2.4-15), and (2.4-17). When a change in scale is
considered, an additional degree of freedom is possible, since only two parameters, the rated specific head
and capacity, must be held constant. The specific speed is also held fixed whenever both specific head and
capacity are kept fixed. There are many combinations of N and D for which this is possible.

The usual situation encountered in applications work is that homologous data exist for a similar
pump, and the question arises, “Can we use these data to simulate our pump by adjusting the rated
parameters?” The question can best be answered by the following statements. First, the best approach is to
use the rated conditions corresponding to the pump used to generate the data. Second, the rated condition
can be changed if the specific head and capacity are kept the same as for the pump used to generate the
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Figure 2.4-3 Homologous head curve.
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h/a? or h/v?

data. Similarity is assured since the modeled pump will have the same specific speed. The rated conditions
by definition locate the region of pump operation on the homologous performance curve, at the design
point or point of maximum efficiency. The rated conditions can then be safely adjusted in this way. They
can also be adjusted using the impeller diameter as an additional parameter while still maintaining the rated
specific speed, head, and capacity constant. However, this type of scaling implies a change in pump
geometry and the extrapolation depends more heavily on the validity of the pump similarity relationships,
which are only approximate. In all cases, the rated conditions must correspond to the same specific speed
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as the pump used to produce the data. However, the operating point does not have to correspond to the

rated conditions. In such a case, the pump will operate at off-design conditions and efficiency will be less
than the design value. Such off-design adjustments may be desirable to better match the modeled pump

head-flow characteristics at the system operating point.

2.4.8.1.4 Two-Phase Performance Representation--The discussion above applies to a
pump operated with a single-phase fluid of constant density. When pump performance operation with a
two-phase fluid is considered, the homologous representation of performance data has a less firm basis. An
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empirical modification of the homologous approach has therefore been developed based on Semiscale and
Westinghouse Canada Limited (WCL) data. The RELAP5-3D® two-phase pump model is the same as

that developed for RELAP4.242 The approach is one in which the two-phase performance data are plotted,
and a lowest performance envelope is constructed. This curve is called the fully degraded two-phase
performance. The fully degraded performance and the single-phase performance data are used to form
two-phase difference homologous performance curves for head or torque. The pump performance is then
expressed in terms of the single-phase data and the difference data using a two-phase multiplier that is a
function of void fraction. The pump head is expressed as

H= H1¢ - MH(OLg) AH (24-18)

where AH is the head difference obtained from the single-phase to two-phase difference homologous

curve. The function My(0.,) is the two-phase multiplier, defined such that it is zero for the void fraction,
0Ly, equal to 0.0 and 1.0. The pump torque is expressed in a similar way. Very little advice can be offered

with respect to scaling of the two-phase performance data. Generally, it is assumed that the same similarity
principles used for single-phase performance also hold for two-phase performance. A complete set of data
was generated for a Semiscale pump, and these data are widely used for predicting two-phase performance
of other pumps.

2.4.8.1.5 Pump Velocity Modeling--The pump computation for a time step begins by
computing pump head and torque from the homologous data using pump angular velocity and volume
conditions at the beginning of the time step. The head is used in the momentum equations. The remaining
pump calculation determines the pump angular velocity at the end of the time step. The logic for
computing pump angular velocity is complex, since stop logic, friction, an initializing calculation, the
presence or absence of two tables, and two trips are involved. Additional capability is provided if the pump
is associated with a shaft component. An optional card in the pump component input data specifies
whether the pump is associated with a shaft. The remainder of this section defines pump capability when
not associated with a shaft. In Section 4.2.3, the available shaft component capabilities are described and
user suggestions are given.

Pump frictional torque (Ts,) is modeled as a cubic function of the pump rotational velocity and is

given by

()

Or

Or

()

2 3
T = £ (a0 + T L] + 1o 2] 4 105 2 ) (2.4-19)

where o is the pump rotational velocity; wg is the rated pump rotational velocity; and Tgy, T, Teo, and

. _ . PN () . PPN ()
Tf3 are input data. The pump friction torque is negative if ~ > 0, and it is positive if . <0.
R R
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The pump model has special capabilities to accommodate experimental systems. For example, the
LOFT system primary pumps use a motor-generator, flywheel, fluid coupling, and an active control system
in order to better represent full-size PWR pumps. Allowing a variable pump inertia provides a simple
model of the LOFT pump rotational behavior. To facilitate LOFT usage, pump input provides for constant
inertia or optionally allows input of variable inertia data. The variable pump inertia (I,) is given by

I, =1, for | 2| <8, (2.4-20)
Wgr
o= Lo+ 1, [ Q]+ 1,2 41 @ for | 2| >s, (2.4-21)
R g g g

where o is the pump rotational velocity, mg is the rated pump rotational velocity, and I, Lo, I,;, 5, I

pne pO, plv p27 p37

and S; are input data.

A pump stop card containing limits on problem time, forward pump angular velocity, and reverse
angular velocity may optionally be entered. The pump angular velocity is set to zero and remains zero for
the remainder of the problem if any of the limits are exceeded. Selected tests can effectively be disabled by
entering a very large number for the limits. If the problem time limit = O, then the problem time test is
ignored.

A time-dependent pump velocity table and an associated trip number may be entered. If the table is
entered and the trip number is zero, the pump angular velocity is always determined from this table. If the
trip number is nonzero, the table is used only when the trip is true. The default search variable for the
time-dependent pump velocity table is time, but time-advanced quantities may be specified as the search
variable. When time is the search variable by default, the search argument is time minus the time of the
trip. When a time-advanced variable is specified as the search variable (even if it is time), the search
argument is just the specified variable. The use of the pump velocity implies a pump motor to drive the
pump at the specified velocity.

The following is a possible example of the use of a time-advanced variable as the search argument in
the pump velocity table. The motor and its control system that drives a BWR recirculation pump could be
modeled using the control system with one of the control variables representing the rotational velocity of
the motor. The recirculation pump would be modeled as a hydrodynamic pump component. The torque
exerted by the liquid on the pump would be one of the input variables to the control system model. Motor
velocity would be supplied to the pump component by specifying the motor velocity as the search
argument of the time-dependent pump velocity table. The table would relate the motor rotational velocity
to the pump rotational velocity. If the motor and pump were directly coupled, the search variables and
dependent variables would be the same.
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Whenever the time-dependent pump angular velocity table is not being used, the pump angular
velocity is determined by the advancement in time of the differential equation relating pump moment of
inertia, angular acceleration, and net torque. The net torque is the pump motor torque minus the
homologous torque value and the frictional torque. If the pump trip is false, electric power is being
supplied to the pump motor; if the trip is true, electric power is disconnected from the pump motor and the
pump motor torque is zero. If a table of pump motor torque as a function of pump angular velocity is
entered, the pump motor is directly specified and motor torque is obtained from the table, interpolating
when needed. If the table is missing, the pump motor is implied and torque is assumed to be such that the
net torque is zero. This is implemented in the program by simply setting the pump angular velocity at the
end of the time step equal to that at the beginning of the time step. This latter option is usually used when
the problem starts with the pump at its normal steady-state velocity; the pump is assumed to remain at this
velocity until the pump trip, and the trip, once true, remains true for the rest of the problem.

2.4.8.2 Pump Modeling Examples. Two examples are discussed to illustrate pump operation.
Consider a pump in a closed loop filled with liquid. At the start of the transient, all the liquid in the loop is
at zero velocity but the pump is rotating in the positive direction. No pump motor torque table is used, the
pump trip is initially false, and thus, the pump angular velocity is constant at the initial value until the
pump trip becomes true. With the pump rotating at a constant angular velocity but the liquid at rest, the
head is high and the liquid is accelerated. As the velocity of the liquid increases, wall friction and area
change losses increase because of the dependence of these losses on liquid velocity. At the same time, the
pump head obtained from the homologous data will decrease as the volumetric flow increases. A
steady-state will be reached when the pump head and the loss effects balance. If no wall friction options
are selected for the loop piping and no area losses are present, the liquid will accelerate until the pump
head is zero. When steady-state is reached and the pump trip is then set true, the pump will begin to
decelerate because the pump friction torque and the torque exerted by the liquid on the pump are no longer
balanced by the pump motor torque. The liquid also begins to decelerate owing to loss effects. The
interaction between the liquid and pump depends on the relative inertias and friction losses between the
two. If the liquid tends to decelerate more rapidly than the pump, the pump will use its rotational kinetic
energy to maintain liquid velocity. If the pump tends to decelerate more rapidly than the liquid, the pump,
depending on its design as reflected in the homologous data, may continue to act as a pump or the kinetic
energy of the liquid may tend to maintain pump angular velocity.

The second example is similar to the first example except that the initial pump angular rotational
velocity is zero and a pump motor torque curve for an induction motor is used. From the curve, the torque
is positive at zero angular velocity and increases slowly as the velocity increases to a value slightly below
the synchronous speed. Then, the torque decreases sharply to zero at the synchronous speed and continues
to negative torque. At the initial conditions, the net torque is positive, the pump angular velocity increases,
and the liquid is accelerated. If the pump torque is sufficiently high, the pump velocity increases to slightly
below the synchronous speed where the developed torque matches the frictional torque and the torque
imposed by the liquid. As the liquid accelerates, the angular velocity decreases slightly to meet the
increased torque requirements. The angular velocity decrease is very small owing to the steep slope of the
torque versus angular velocity near the synchronous speed. Thus, once the pump approaches the
synchronous speed, the transient behavior of the second example is similar to the first example.
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2.4.8.3 Built-in Pump Data. RELAP5-3D® contains built-in, single-phase homologous data for
a Bingham Pump Company pump with a specific speed of 4,200 and a Westinghouse Electric Corporation
pump with a specific speed of 5,200. Two-phase difference homologous data are also associated with these
pumps, but the data curves are identical and were obtained from two-phase tests of the Semiscale pump.
(The data curves are stored as data statements in subroutine RPUMP.) No built-in, two-phase multiplier
tables are entered. Specification of built-in, single-phase homologous data does not require specification of
the built-in, two-phase difference homologous data, or vice versa.

If multiple pump components are used and some tables are common to more than one component,
then user effort and computer storage can be saved by entering the data for only one component and
specifying that other components use that data. This holds true for built-in data, since built-in data are
treated as input data and stored in the pump component data when requested. There are no component
ordering restrictions when one pump component references tables in another pump component. Thus, a
pump component may reference a pump component numbered higher or lower than itself. Also, a pump
component may reference another pump component that references another pump component, as long as a
pump component with data entered is eventually reached.

2.4.8.4 Pump Edit Parameters. Major output edits include pump performance information in
addition to the quantities common to all volumes and junctions. Pump angular velocity, head, torque,
octant number, and motor torque are edited. Pump angular velocity, head, torque, motor torque, and inertia
are available as minor edit variables. The pump torque is the sum of torque from homologous data and
friction effects. Pump motor torque is zero if the motor is tripped or if no motor is directly specified or
implied.

2.4.9 Jet Pump

A jet pump is modeled in RELAP5-3D® using the JETMIXER component. In a jet pump, the
pumping action is caused by the momentum mixing of the high-speed drive line flow with the slower
suction line flow. Figure 2.4-5 contains a schematic showing the typical nodalization used for a jet pump
mixing section.

2.4.9.1 Input Requirements. The input for a JETMIXER component is the same as that for a
BRANCH component, with the following modifications:

1. For a BRANCH component, the junctions connected to that branch can be input with the
branch or as separate components. For a JETMIXER, three (and only three) junctions,
representing the drive, suction, and discharge, must be input with the JETMIXER
component, i.e., NJ = 3. If NJ is not equal to 3, an input error message is printed.

2. The three junction card sequences must be numbered as follows: Cards CCC1101 and
CCC1201 represent the drive junction. Cards CCC2101 and CCC2201 represent the
suction junction. Cards CCC3101 and CCC3201 represent the discharge junction in the
mixing section.
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Figure 2.4-5 Schematic of mixing junctions.
3. The drive and suction junctions must have their TO connection codes referring to the

JETMIXER volume, and the discharge junction must have its FROM connection code
referring to the JETMIXER volume. If this is not the case, an input error message is
printed. The drive and suction junctions must be connected to the inlet side of the
JETMIXER volume, and the discharge junction must be connected to the outlet of the
JETMIXER volume. If this is not the case, an input error message is printed.

2.4.9.2 Recommendations. Although the junction and volume areas for a JETMIXER are not
restricted, the JETMIXER will properly model a jet pump only if the drive and suction junctions flow areas
sum to the JETMIXER volume area.

The drive and suction junctions can be modeled with smooth or abrupt area changes. If they are
modeled as smooth junctions, then the appropriate forward and reverse loss coefficients must be input by
the user. They should be obtained from standard references for configurations similar to those of the jet
pump being modeled. The use of smooth junctions gives the user more explicit control over the resistance
coefficients. In either case, it should be remembered that the turning losses associated with reverse flow
through the suction junction are automatically included in all code calculations.

The JETMIXER component volume is intended to represent the mixing region of the jet pump. The
diffuser section of a jet pump normally follows the mixing section. The diffuser section is not an integral
part of the JETMIXER component and must be modeled using one or more additional volumes. Several
volumes with slowly varying cross-sections and the smooth junction option can be used to model the
diffuser region.
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2.4.9.3 Additional Guidelines. 1t has been customary to identify jet pump operations in terms of
two dimensionless parameters. These are the M and N parameters, defined as follows:

The M ratio (flow ratio) is the suction flow rate, Wg, divided by the drive flow rate, W, and is giben
by

- Ws

M = : (2.4-22)
Wp

The N ratio (head ratio) is the increase in dynamic pressure for the suction-discharge path divided by
the loss of dynamic pressure for the drive-discharge path, and is given by

(P+%pv2+ng) —(P+%pv2+ng)
Dis S
N = . (2.4-23)
( 1 > ( 1 >
P+§pv +pgH| - P+§pv +pgH

D Dis

Figure 2.4-6 shows an expanded view of the normal operating region (first quadrant) with several
curves representing different flow resistances. This figure can be used as a guide for modeling different jet
pump geometries. Each curve shows the M - N performance generated with base-case loss coefficients
plus a single additional loss coefficient (K = 0.2) added to either the drive, suction, or discharge junction.
This figure gives an indication of the quantitative change in performance caused by the respective drive,
suction, or discharge losses. Using this figure, one can, with a few preliminary runs, design a code model
for a specific jet pump if the performance data are available. If no specific performance data are available,
we recommend that standard handbook losses be applied.

2.4.9.4 Output. There is no special output printed for the JETMIXER component. We recommend
that control variables be used to set up the M and N parameters for minor edit purposes and that these
parameters be printed with every edit.

2.4.10 Valves

In RELAP5-3D€ | eight valves are modeled that are of six types. The types of valves provided are
check valves, trip valves, inertial swing check valves, motor valves, servo valves, and relief valves. A
single model for each type of valve is provided except for the check valves. For check valves, three models
are provided, each of which has different hysteresis effects with respect to the opening/closing forces. Of
the six types of valves, the check valves and trip valves are modeled as instantaneous on/off switches. That
is, if the opening conditions are met, then the valve is instantly and fully opened; if the closing conditions
are met, the valve is instantly and fully closed. The remaining four types of valves are more realistic
models in that opening/closing rates are considered. In the case of the inertial swing check valve and the
relief valve, the dynamic behavior of the valve mechanism is modeled.
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Figure 2.4-6 Jet pump model design.

Fundamentally, a valve is used to regulate flow by varying the flow area at a specific location in a

flow stream. Hence, in the RELAP5-3D® scheme, a valve is modeled as a junction component that gives
the user a means of varying a junction flow area as a function of time and/or hydrodynamic properties.
Valve action is modeled explicitly and therefore lags the hydrodynamic calculational results by one time
step. A closed valve is treated as a time dependent junction with no flow. In order for the user to more fully
use the valve models, some characteristics and recommendations for each valve are discussed in the
following subsections.

2.4.10.1 Check Valves. Check valves are on/off switches, and the on/off action is determined by
the formulation presented in Volume 1 of this manual. In turn, it is the characteristic of these formulations
that determines the kind of behavior modeled by each type of check valve.

2.4.10.1.1 Static Pressure Controlled Check Valve--The check valve logic in Section 3
of Volume I describes the operation of a static pressure controlled check valve. If the equation is positive,
the valve is instantaneously and fully opened, and the switch is on. If the equation is negative, the valve is
instantaneously and fully closed, and the switch is off. If the equation is zero, an equilibrium condition
exists, and no action is taken to change the existing state of the valve. Hence, in terms of pressure
differential, there is no hysteresis. However, because the valve model is evaluated explicitly in the
numerical scheme, the actual valve actuation will lag one time step behind the pressure differential. In
terms of fluid flowing through the valve in a transient state, it is obvious that if the valve is closed and then
opens, the flow rate is zero; but when a pressure differential closes the valve, the flow rate may be either
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positive, negative, or zero. Hence, with respect to flow, a hysteresis effect will be observed. Also, in the
strictest sense, this type of valve is not a check valve, since the model allows reverse flow.

2.4.10.1.2 Flow Controlled Check Valve--Section 3 in Volume 1 shows the model of a
check valve in the strictest sense in that flow is allowed only in the positive or forward direction, and the
model is again designed to perform as an on/off switch. If the valve is closed, it will remain closed until the
static pressure differential becomes positive, at which time the valve is instantaneously and fully opened,
and the switch is on. Once the valve is opened, it will remain open until flow is negative or reversed,
regardless of the pressure differential. Hence, with respect to pressure differential, a hysteresis effect may
be observed. With respect to flow, it defines a negligible hysteresis effect, since flow is zero when the
valve opens, and closes if flow becomes infinitesimally negative. However, since valve actuation lags one
time step behind the pressure and flow calculation, a significant flow reversal may be calculated before the
valve model completes a closed condition.

2.4.10.1.3 Dynamic Pressure Controlled Check Valve--Section 3 in Volume 1 shows
the model of a dynamic pressure-actuated valve also designed to perform as an on/off switch. If the valve is
closed, there is no flow through the valve, hence the valve must be opened by static pressure differential.
For this condition, the valve is opened instantaneously and fully, and the switch is on. Once the valve is
opened, the fluid is accelerated, flow through the valve begins, and the dynamic pressure aids in holding
the valve open. Since the valve cannot close until the closing back pressure, PCV, exceeds the junction
static and dynamic pressure, there is a hysteresis effect both with respect to the opening and closing
pressure differential and with respect to the fluid flow. These hysteresis effects are also determined by the
sign of PCV, as input by the user. If PCV is input as positive, positive or forward flow through the valve
will be allowed, and negative or reverse flow will be restricted. In this sense, the valve performs as a check
valve. However, if PCV is input as negative, it will aid in opening the valve, and significant negative or
reverse flow must occur before the valve will close. In this sense, the valve will not perform as a check
valve. In addition, valve actuation lags one time step behind the pressure and flow calculations in the
numerical scheme.

2.4.10.1.4 Check Valve Closing Back Pressure Term PCV--In Section 3 in Volume 1,
the term PCV is used; in the input requirements, this term is designated as the closing back pressure.
However, to be precise, PCV is a constant representing an actuation set point. If positive, PCV behaves as
a back pressure acting to close the valve. In both the static and dynamic pressure-controlled valves, PCV
acts both as an actuation set point for opening a closed valve and as a closing force for closing an open
valve. For the flow-controlled valve, the back pressure acts only as an actuation set point for opening a
closed valve.

2.4.10.2 Trip Valve. The trip valve is also an on/off switch that is controlled by a trip such that
when the trip is true (i.e., on), the valve is on (i.e., instantly and fully open). Conversely, when the trip is
false (i.e., off), the valve is off (i.e., instantly and fully closed).

Since trips are highly general functions in RELAP5-3D®  and since trips can be driven by control
systems, the on/off function of a trip valve can be designed in any manner the user desires. The user should

remember, however, that trips, control systems, and valves are explicit functions in RELAP5-3D®  and
hence lag the calculational results by one time step.
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2.4.10.3 Inertial Swing Check Valve. The inertial valve model closely approximates the
behavior of a real flapper-type check valve. To direct the model to neglect flapper mass and inertial effects,
the user simply inputs the flapper mass and moment of inertia as small numbers. Flapper open angles are
positive in the positive junction flow direction. The code assumes that gravity always acts in the vertically
downward direction, so that gravity can act to either open or close the valve, depending on the implied
junction direction. The minimum flapper angle must be greater than or equal to zero.

2.4.10.4 Motor and Servo Valves. The interaction of both motor and servo valves with fluid
flow are identical but the means of positioning the valves are different. Both valves use a normalized stem
position to position the valve. The normalized stem position ranges between 0.0 for the closed position to
1.0 for the fully open position. The flow area corresponding to a normalized stem position is determined
from the normalized flow area, which also ranges from 0.0 for fully closed to 1.0 for fully open. A general
table can be used to describe the normalized flow area for a given normalized stem position. If the general
table is not used, the normalized flow area is set to equal the normalized stem position. Two models are
provided to effect flow changes based on valve flow area. If the abrupt area change flag is set, the abrupt
area change model is used to determine flow losses, and the valve flow area is treated as the orifice area in
the abrupt area change model. If the abrupt area change flag is not set, a CSUBYV table must be entered.
This table contains forward and reverse flow coefficients as a function of normalized valve area. The
model using CSUBV coefficients should usually be used when the valve is designed for regulating flow.

The motor valve assumes that the valve stem is positioned by a motor. The valve position can be
stationary, or the valve can be moving at a constant rate in the opening or closing direction. The rate is a
user-input quantity in terms of normalized position change per second. The motor is controlled by an open
trip and a closed trip. The valve stem position is stationary when both trips are false; when the open trip is
true, the valve stem moves according to the valve change rate in the opening direction; when the close trip
is true, the valve stem moves according to the valve change rate in the closing direction. The code
terminates if both trips are simultaneously set true. Section 4.1.4 shows trip logic for the open trip that
could be used to position a valve to regulate flow such that an upstream pressure is held within a set range.

The servo valve uses the value of a control variable to indicate the normalized valve stem position. A
typical application would be regulating vapor/gas flow to the turbine to maintain a desired quantity such as
primary system temperature or secondary side steam generator pressure. The control system, perhaps using
a STEAMCTL (specialized proportional-integral controller), would compare the current value of the
primary temperature or steam generator pressure to the desired value, and from the difference of the values
compute an appropriate valve position. The servo valve, using the control output, would position the valve
and thus regulate the flow.

2.4.10.5 Relief Valve. A scheme was designed to input the terms required to define a typical relief

valve geometry and dynamic parameters. This scheme is consistent with the RELAP5-3D® input
philosophy in that extensive checking is performed during input processing, and error flags are set to
terminate the problem if input errors are encountered. Error messages are also printed to inform the user
that the data entered were in error. The specific input description is detailed in Appendix A.
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2.4.11 Separator

Figure 2.4-7 contains a schematic showing the typical nodalization used for a separator and the
adjoining bypass and downcomer regions. If there is any possibility of recirculation flow through a bypass
region, we recommend that this flow path be included. In general, there will be a mixture level at some
location in the downcomer volumes.

Plenum

Vapor/gas outlet

Bypass (A AAA_A_A_A_A Separator

Separator inlet
Liquid fall back

Downcomer

Figure 2.4-7 Schematic of separator.
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The RELAP5-3D® ideal simple separator model can be looked on in the following way, that is,
when the input maximum volume fractions (VGMAX and VFMAX) are both 1.0. The flux through the
liquid outlet is all liquid when the volume fraction of liquid is above a critical value. Below that critical
value, a mixture of vapor/gas and liquid are fluxed out the liquid outlet. A similar process occurs for the
vapor/gas outlet. When the volume fraction of vapor/gas is above a critical value, only vapor/gas is fluxed
through the vapor/gas outlet. When the volume fraction of vapor/gas is below this critical value, a mixture
of vapor/gas and liquid is fluxed through the vapor/gas outlet. The critical values are given names
VUNDER for the liquid outlet, and VOVER for the vapor/gas outlet. This behavior can be shown in
Figure 2.4-8.

Separator
Vapor/Gas
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Figure 2.4-8 Physical picture of a separator.

The volume on the bottom furnishes a mixture of vapor/gas and liquid to the separator. For the
separator liquid outlet, if the liquid level drops below the outlet baffle on the left, vapor/gas will also come
out the junction. For the separator vapor/gas outlet, if the liquid level rises above the outlet baffle on the
right, liquid will also come out the junction. Thus the critical values of VUNDER and VOVER are given
by the formulas

A, .
VUNDER = ij and VOVER = % (2.4-24)
t t
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where
Ay = the area open to the liquid
A = the total area
Agj = the area open to the vapor/gas.

When the liquid level drops below the baffle on the left, the volume fraction of vapor/gas that is
fluxed through the liquid outlet junction is a linear function of the liquid level height. A similar
relationship is used for the vapor/gas outlet when the liquid level rises above the baffle on the right. These
linear relationships are such that if the separator is empty of liquid, then pure vapor/gas comes out the
liquid outlet, and conversely, if the separator is full of liquid, then pure liquid comes out the vapor/gas
outlet. The behavior of the separator can now be characterized by Figure 2.4-9 and Figure 2.4-10 where
the y-axis shows the volume fraction fluxed out the outlet (liquid or vapor/gas) and the x-axis shows the
volume fraction (liquid or vapor/gas) in the separator volume.

Out liquid
outlet

A
VEMAX = 1.0 - [— —

|
|
|
|
|
O(fj |
|
|
|
|
|

In separator
VUNDER > volume

0.0 1.0
O

0.0

Figure 2.4-9 Separator volume fraction of liquid fluxed out the liquid outlet.

2.4.11.1 Input Requirements. The input for a SEPARATR component is the same as that for a
BRANCH component, with the following modifications:

1. For a BRANCH component, the junctions connected to the branch can be input with the
branch or as separate components. For a SEPARATR, the three junctions, representing the
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Figure 2.4-10 Separator volume fraction of vapor/gas fluxed out the vapor/gas outlet.

vapor/gas outlet, liquid fall back, and separator inlet, must be input with the SEPARATR
component, i.e., NJ = 3.

2. The three junction card sequences must be numbered as follows: Cards CCC1101 and
CCC1201 represent the vapor/gas outlet junction, Cards CCC2101 and CCC2201
represent the liquid fall back junction, and Cards CCC3101 and CCC3201 represent the
separator inlet junction.

3. The FROM connection for the vapor/gas outlet junction must refer to the x-coordinate
outlet face of the separator for the old format (CCC010000) and must refer to any of the 6
volume faces of the separator except the x-coordinate inlet face for the expanded format
(CCC010002 through CCC010006). The FROM connection for the liquid return junction
must refer to the x-coordinate inlet face of the separator for the old format (CCC000000)
and must refer to any of the 6 volume faces of the separator except the x-coordinate outlet
face for the expanded format (CCC010001, CCC010003 through CCCO010006). The
separator inlet junction must be connected to the x-coordinate inlet face of the separator
for the old format (CCC000000) and must be connected to any of the 6 volume faces of
the separator except the x-coordinate outlet face for the expanded format (CCC010001,
CCC010003 through CCC010006).

4. The type of separator desired is specified on Card CCC0002. If the mechanistic separator
or dryer options are chosen, additional input data may be entered on the CCC050X cards
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for the mechanistic separator model and on the CCC0600 card for the dryer model.
Default data are provided for both the mechanistic separator and dryer models.

5. A word, W7(R), is added to the SEPARATR component junction geometry Cards
CCCN101 through CCCN109 for the simple separator option. For the vapor/gas outlet,
Word W7(R) specifies VOVER. For the liquid fall back junction, Word W7(R) specifies
VUNDER. No input should be entered for Word W7(R) on the separator inlet junction.

6. A word, W3(R), is on the SEPARATOR component junction maximum volume fraction
Cards CCCN901 through CCCN909 for the simple separator option. For the vapor/gas
outlet, Word W3(R) specifies VGAMX. For the liquid fallback junction, Word W3(R)
specifies VFMAX. No input should be entered for Word W3(R) on the separator input
junction.

7. During input processing, if the specified velocities/flows will result in more than 99.9% of
the vapor at the vapor outlet junction or more than 99.9% of the liquid at the liquid outlet
junction being extracted on the first time step, an input error occurs.

2.4.11.2 Recommendations for the Simple Separator Option. The smooth or abrupt
junction option can be used for the separator. Separators in general have many internal surfaces that lead to
flow resistances above that of an open region. For this reason, additional energy loss coefficients may be
required at the appropriate separator junctions. These should be obtained from handbook values or
adjusted to match a known pressure drop across the separator. In some cases, it is necessary to use large
loss coefficients (~100) in order to remove void oscillations in the separator volume. In addition, we
recommend that choking be turned off for all three junctions. The nonhomogeneous options should be used
for the vapor outlet and liquid fall back junctions.

An important parameter that influences the operation of any heat exchanger/separator combination is
the equivalent mixture level in the downcomer region. This level is primarily determined by the rate of
flow in the liquid return junction, which in turn is affected by the liquid level in the separator and the vapor
flow out of the separator. The liquid return flow and liquid level in the separator are affected by the
user-input volume fraction limits VOVER and VUNDER and the user input maximum volume fractions
VGMAX and VFMAX. Because of the simple black-box nature of the separator, these user inputs should
be adjusted to obtain the desired operating mixture level in the downcomer region. The default volume
fraction limits (VOVER = 0.5 and VUNDER = 0.15) and maximum volume fractions (VGMAX = 1.0 and
VFMAX = 1.0) are intended to be preliminary.

The black-box nature of the separator, along with the use of VOVER, VUNDER, VGMAX, and
VFMAX may result in some changes to the user-input initial conditions. If the user inputs a phasic mass
flow rate for both the vapor/gas outlet and liquid fall back junctions, the code will in many cases alter the
phasic mass flow rates so that they no longer match those inputted. This is due to the use of the piecewise
linear donor junction volume fractions used (see Volume 1 of this manual). Depending on the relations of
Olgi» VOVER, and VGMAX as well as o, VUNDER, and VFMAX it may be necessary to scale back the

phasic mass flow rates to achieve the desired input phasic mass flow rates. Once the transient calculation
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begins, the phasic mass flow rates and phasic volume fractions will most likely change from the initial
value and some adjustment of VOVER, VUNDER, VGMAX, and VFMAX may be required.

The final recommendation concerns the use of a bypass volume. If there is any possibility of a
recirculation flow through a bypass-like region, we recommend such a flow path be included. The
inclusion of such a flow path has generally improved the performance predictions.

2.4.11.3 Recommendations for the Mechanistic Separator and Dryer Options. The
mechanistic separator and dryer models are new in RELAP5-3D© . They are intended to model the
centrifugal separator and chevron dryer components in a BWR reactor. Until a base of user experience is
obtained, we recommend default input data for the models be used. The user should explicitly model the
separator standpipe as a separate volume or set of volumes because the separator component volume is
intended to model the volume within the separator barrel and discharge passages. Likewise, the dryer
volume should encompass the physical volume inside the dryer skirt between the elevations of the dryer
inlet and outlet elevations. The separator inlet quality can be adjusted to the desired operating point by
modifying the form loss coefficient in the separator liquid discharge junction. The liquid discharge line
from a dryer to the downcomer should be modeled as a separate volume or set of volumes so that the liquid
removed by the dryer may be injected into the downcomer at the correct elevation below the two-phase
mixture level in the downcomer. The void fraction within the dryer component can also be adjusted by use
of the liquid discharge junction form loss coefficient. The separator component may represent any number
of physical separators. It is required that the geometry (i.e., volume and junction flow areas) of the
separator component be the volume and flow areas of all of the physical separators represented by the
RELAP5-3D© separator components and that the number of separators represented by the

RELAP5-3D® separator component be specified in Word 2 on Card CCC0002 in the separator
component input data.

2.4.12 Turbine

A turbine is a device that converts the energy contained in a high-pressure fluid to mechanical work.
Three different stage group types can be implemented: (a) a two-row impulse stage group, which is
normally only used as the first stage of a turbine for governing purposes; (b) a general impulse-reaction
stage group with a fixed reaction fraction needed as input; and (c) a constant efficiency stage group to be
used for very simple modeling or as a preliminary component during the model design process. A simple
efficiency formula for each of the turbine types is given in Volume I, where all the terms are defined.

The mean stage radius needed in the efficiency formulas may not be known from the actual turbine
design diagrams. We recommend the mean stage radius, R, be obtained from the efficiency formulas. If the
turbine model is used with a constant efficiency factor, the stage radius is not needed (except for startup)
and 1.0 can be entered. If the turbine stage is a general impulse-reaction stage, then the maximum

efficiency, n,, is obtained when

Vi _ 0.5 ‘ (2.4-25)
\% l1-r

2-67 INEEL-EXT-98-00834-V2



RELAP5-3D/2.0

Using v, = Rw and the input values v, r, and o at the design operating point, Equation (2.4-25) gives
for R,

R = _05v (2.4-26)
o(l-r1)

This is the recommended mean stage radius that is consistent with the assumed efficiency formula.
For a two-row impulse stage, the maximum efficiency occurs when

Yoo 025 . (2.4-27)
Vv

Expressing v, as Rw gives

R = 0.25v (2.4-28)
®

as the mean stage radius consistent with the efficiency formula.

For a TURBINE component, the primary fluid inlet junction must be input with the TURBINE
component as the first junction. If a fluid extraction (bleed) junction is desired, it must be input with the
TURBINE component as the second junction. Thus, NJ must be either 1 or 2. Cards CCC1101 and
CCC1201 represent the inlet junction, and Cards CCC2101 and CCC2201 represent the extraction bleed
junction (if desired). The TO connection for the inlet junction must refer to the inlet of the TURBINE (old
format is CCC000000, and expanded format is CCC010001).

Horizontal stratification effects are not modeled in the TURBINE component. Thus, the horizontal
stratification flag must be turned off (v = 0). If several TURBINE components are in series, the choking
flag should be left on (c = 0) for the first component but turned off for the other components (¢ = 1). The
area changes along the turbine axis are gradual, so the smooth junction option should be used at both the
inlet and outlet junctions. No special modeling has been included for slip effects, nor are there any data that
could be used as a guide. Thus, the inlet and outlet junctions must be input as homogeneous junctions (h =
1 or 2). If an extraction (bleed) junction is present, it should be a crossflow junction.

The standard wall friction calculation is based upon the wetted perimeter. Because of all the internal
blading surfaces, the wall friction based upon the volume geometry will not give a meaningful calculation.

The turbine volume must be input using the zero wall friction option.

For some off-design cases, choking can take place at the nozzle and stator throats in a turbine. The
junction velocities must represent the maximum nozzle velocities if the critical flow model is to be used.
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Hence, the junction areas used in the TURBINE component should represent the average nozzle throat or
minimum area for the stage group if proper critical flow modeling is desired.

Several of the input parameters needed may not always be easily obtainable from the limited data
available to the user. In particular, the stage group nozzle throat area, A;, and the nozzle velocity, v;, are not

always easily obtained. A steady-state turbine heat balance usually contains the representative stage group
pressures, the enthalpies, and the mass flow rates. From the mass flow rate and state properties, the product

VjA; is easily obtained, but the actual value of v;or A;requires more information. If a geometric description

of the turbine is available, then A; is known and v; can be calculated. This is the proper way to obtain the

input data. If no geometric data are available, then the following procedure can be used to crudely estimate
the needed input data. A reasonable estimate must be made for one junction area. Then, knowing V;A;

gives the corresponding v;. The turbine momentum equation
__I-m
vi(vi=v;_y) = —T(PL—PK) (2.4-29)

along with the stage pressures, can then be used to estimate the neighboring junction velocity. The mass
flow along with this new velocity gives the neighboring junction area. In this way, all the velocities and
junction areas can be estimated if any one junction area A; or junction velocity v; is known or estimated.

Note that turbines are usually designed to run with large velocities in the nozzles. The turbine may be
the component that gives the maximum Courant number in the system. For this reason, the turbine
component may limit the time step size. This can be mitigated if the turbine volumes are used with an
exaggerated length. This will not affect any steady-state results, but it will give slightly inaccurate storage
terms during a transient. The transient storage terms are small, so this should not be a problem.

2.4.13 Accumulator

An accumulator is a lumped parameter component modeled by two methods. First, the component is
considered to be an accumulator as long as some of the initial liquid remains in the component. In this
state, the accumulator is modeled using the special formulations discussed in Volume I of this manual,
which includes models for the accumulator tank, tank wall, surge line, and outlet check valve junction.
However, second, when the accumulator empties of liquid, the code automatically converts the component
to an equivalent single-volume with a single outlet junction and continues calculations using the normal
solution algorithms. In performing this conversion, the accumulator wall heat transfer model is retained but

the volume flow area (A), hydraulic diameter (Dy,), and elevation change (Az) are reset to

A = \

= — (2.4-30)
Axrg + AXp
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4V

= (2.4-31)
(D Axrg + D AX))

Dy

Az = Azqg + Azg (2.4-32)

respectively. In these equations, subscript TK is for the tank, and subscript L is for the surgeline/standpipe.
In addition, the accumulator mass transfer model converts to the normal mass transfer model scheme.

In setting up an accumulator component, the user must remember that at the input processing level,
the code assumes that the accumulator is initially off; that is, flow through the accumulator junction is zero.
It is further assumed that the standpipe/surgeline is initially full of liquid and that the tank liquid level is as
defined by the user. These assumptions are also true for RESTART runs if the user renodalizes the
accumulator. Hence, the user must be careful to define the initial accumulator pressure lower than the
injection point pressure, including elevation head effects. The tank geometry may be either cylindrical (see
Figure 2.4-11) or spherical (see Figure 2.4-12). In the input description (Appendix A), the
standpipe/surgeline inlet refers to the end of the pipe inside the tank itself (see Figure 2.4-13). Also, the
noncondensable (nitrogen) used in the accumulator is that defined for the entire system being modeled.
Hence, the user must be sure to input the correct noncondensable name (nitrogen) on Card 110, as
discussed in Appendix A.

No other junctions (except the accumulator junction) should be connected to an accumulator volume.
There are 4 possible accumulator configurations, as shown in Figure 2.4-14. The inclination angle (W5)
and elevation change (W6) in Cards CCCO0101 through CCCO0109 can be either positive or negative, but
both must have the same sign. The elevation drop of the surgeline and standpipe (W4) in Card CCC2200 is
positive for a decrease in elevation from the standpipe/surgeline inlet to the injection point, and it is
negative for an increase in elevation from the standpipe/surgeline inlet to the injection point.

2.4.14 Annulus

The annulus component is identical to a pipe component (Section 2.4.6), except the annulus
component must be vertical and the annular-mist flow regime is different. If the user specifies this
component, all the liquid is in the film and none is in the drops when the flow regime is annular-mist. The
annulus component should be used to model a vertical annular region (i.e., reactor vessel downcomer or
annular downcomer region in a U-tube steam generator).

2.4.15 ECC Mixer

An ECC mixing component is a specialized branch that requires three junctions with a certain
numbering order. The physical extent of the ECCMIX is a length of the cold leg pipe centered around the
position of the ECC injection location. The length of this segment should be about three times the inside
diameter of the cold leg pipe. Junction No. 1 is the ECC connection; junction No. 2 is the cold leg
cross-section through which flow enters this component in normal reactor operation; and junction No. 3 is
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Figure 2.4-11 Schematic of a cylindrical accumulator.

the one that leads to the reactor vessel. The geometrical description of the ECCMIX component is very
similar to that of the JETMIXER component, except for the specification of an angle for the ECC pipe
connection. The modeling details of the ECCMIX component are given in Section A7.7 of the input
requirements in Appendix A of this volume. The ECCMIX component calculations are evoked only if
there is subcooled ECC injection and if there is any vapor to be condensed in that component. Otherwise,
the ECCMIX component is treated as an ordinary BRANCH component.

2.4.16 Multi-Dimensional Component

The multi-dimensional component (indicated by MULTID in the input cards) defines a one-, two-, or
three-dimensional array of volumes and the internal junctions connecting the volumes. The
multi-dimensional component is described as a three-dimensional component but can be reduced to two or
one dimensions by defining only one interval in the appropriate coordinate directions. The geometry can
be either Cartesian (X,y,z) or cylindrical (1,0,z). In cylindrical geometry, the r-direction can start at zero or
nonzero, and 6 can cover 360 degrees (i.e., full circle, annulus) or can cover less than 360 degrees (i.e.,
semicircle, wedge). Input checking uses 360 + 0.0005 degrees for the region that represents 360 degrees.
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Figure 2.4-12 Schematic of a spherical accumulator.

An orthogonal, three-dimensional grid is defined by mesh interval input data in each of the three
coordinate directions. The edges of the hydrodynamic volumes are defined by the grid lines.

The 3-D component is designed primarily for reactor applications, particularly in the vessel (i.e.,
core, downcomer) and steam generator. These reactor components have solid structures in the fluid path
(i.e., core, steam generator) or have a short length in the radial direction (i.e., downcomer) that result in the
form loss, wall friction, and interphase friction models being the primary source terms in the momentum
equations. For these applications, the viscous stress and turbulence terms are not as important and are not

included in the RELAP5-3D® 3-D model. Since these terms are not present in the code at this time, the
RELAP5-3D® 3-D model should not be used to model large open tanks.

The 3-D component can be connected to 1-D components externally via either a normal junction or a
crossflow junction, depending on the actual flow paths. The 1-D to 3-D external junction connection to an
external 3-D face should be restricted to 1 junction per external face. The 3-D component can also be
connected to 3-D components externally via either a normal junction or a crossflow junction. The 3-D to
3-D connection is restricted to the same direction (i.e., radial to radial, axial to axial, etc.).
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Figure 2.4-13 Schematic of an accumulator showing standpipe/surgeline inlet.

The 3-D cylindrical component can be modeled either as a solid cylinder or a hollow cylinder. It can
also be modeled as a cylindrical wedge. All of these geometries are implemented.

The volume factors and junction areas factors must be specified explicitly for the 3-D component. A
totally blocked internal 3D junction (i.e, the junction area factor is zero) is treated as a time dependent
junction with no flow. In the junction initial condition cards, the junction face number must be specified
explicitly.

For pure radial, frictionless flow in and out of a 3-D solid cylinder, the pressure profile within the
3-D component is not sensitive to the number of radial nodes, i.e., a 3-ring model produced as good

pressure results as an 8-ring model. The user does not have to increase radial nodes to increase accuracy.

For a multid component (no drops option), as with the annulus component, all the liquid is in the film
and none is in the drops when the flow regime is annular-mist.
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Cards CCCO101 - Cards CCCO0101-
CCC0109 CCC0109
Word 5 = +90 Word 5 = +90
=>Word 6 >0 =>Word 6 >0
Word 5 =-90 Word 5 =-90
=>Word 6<0 =>Word 6<0
Cards CCC2200
Word 4 >0
Card CCC2200
Word 4 >0
Card CCC2200 A
Cards CCCO0101-
SR
Cards CCCO0101 Word 5 = +90
CCC0109 =>Word 6 >0
_ Word 5 =-90
XO{S;E g 200 =>Word6<0
Word 5 =-90
=>Word 6<0

Figure 2.4-14 Possible accumulator configurations.
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2.4.17 Pressurizer

The pressurizer component is identical to a pipe component (Section 2.4.6), except the user must
input the surgeline connection junction number. There are optional input for a constant interfacial heat
transfer coefficient for liquid in the vertically stratified flow regime and the level tracking flow regime, a
constant interfacial heat transfer coefficient for vapor/gas in the vertically stratified flow regime and the
level tracking flow regime, a multiplier on the film thickness in the annular-mist flow regime, and a
multiplier on the interfacial heat transfer coefficients for both liquid and vapor/gas in the vertically
stratified flow regime and the level tracking flow regime.

2.4.18 References

2.4-1.  E. Buckingham, “Model Experiments and the Forms of Empirical Equations,” Transactions of
the ASME, 37, 1915, p. 263.

24-2.  Aerojet Nuclear Company, RELAP4/MOD5: A Computer Program for Transient
Thermal-Hydraulic Analysis of Nuclear Reactors and Related Systems, User’s Manual, Volume
1, RELAP4/MODS Description, ANCR-NUREG-1335, Idaho National Engineering Laboratory,
September 1976.
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3 Heat Structures

Heat structures represent the selected, solid portions of the thermal-hydrodynamic system. Being
solid, there is no flow, but the total system response depends on heat transferred between the structures and
the fluid, and the temperature distributions in the structures are often important requirements of the
simulation. System components simulated by heat structures include fuel rods, pipe walls, core barrels,
pressure vessels, and heat exchanger tubing. In simulations that do not involve core damage, heat
structures can represent fuel pins, control rods, and other structural components. Temperatures and heat
transfer rates are computed from the one-dimensional form of the transient heat conduction equation for
non-reflood and from a two-dimensional form of the transient heat conduction equation for reflood. In core

damage simulations, the SCDAP/RELAPS code>%1 should be used.

A heat structure is identified by a number, CCCGONN. The subfield, CCC, is the heat structure
number and is analogous to the hydrodynamic component number. Since heat structures are usually
closely associated with a hydrodynamic component, it is suggested that the hydrodynamic component
number and the CCC portion of the attached heat structures be the same number. Since different heat
structures can be attached to the same hydrodynamic component, such as fuel pins and a core barrel
attached to a core volume, the G portion can be used to distinguish the different types of heat structures.
The combined field, CCCQG, is the heat structure-geometry number, and input data are organized by this
heat structure geometry number. Up to 99 individual heat structures may be defined using the geometry
described for the heat structure geometry number. The individual heat structures are numbered
consecutively starting at 01; this number is the subfield, NN, of the heat structure number. The heat
structure input requirements are divided into input common to all heat structures with the heat structure
geometry number, Cards 1CCCGO000 through 1CCCG499, and input needed to uniquely define each heat
structure, 1CCCGS501 through 1CCCG999.

3.0.1 Reference

3.0-1. The SCDAP/RELAPS Development Team, SCDAP/RELAP5/MOD3.2 Code Manual, Volumes I,
II, 111, 1V, V, Rev. 1, NUREG/CR-6150, INEL-96/0422, Idaho National Engineering and
Environmental Laboratory, July 1998.

3.1 Heat Structure Geometry

For one-dimensional form of the the transient heat conduction equation, temperature distributions in
heat structures are assumed to be adequately represented in rectangular, cylindrical, or spherical
coordinates. The spatial dimension of the calculation is along any one of the coordinates in rectangular
geometry and is along the radial coordinate in cylindrical or spherical geometry. The one-dimensional
form assumes no temperature variations along the other coordinates. Figure 3.1-1 illustrates placement of
mesh points at which temperatures are computed. The mesh point spacing is taken in the positive direction
from left to right. A composition is a material with associated thermal conductivity and volumetric heat
capacity. Mesh points must be placed such that they lie on the two external boundaries and at any interface
between different compositions. Additional mesh points may be placed at desired intervals between the
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interfaces or boundaries. There is no requirement for equal mesh intervals between interfaces, and
compositions may vary at any mesh point. Experience has shown that with too small a mesh interval,

Composite
boundaries
Left boundary / Right boundary
—>
[ BN ) o o 6 0 0 0 o

Figure 3.1-1 Mesh point layout.

oscillations can occur. This is particularly evident when modeling a gap, where it is recommended only
one mesh interval be used.

The heat structure input processing provides a convenient means to enter the mesh point spacing and
composition placement. Each composition is assigned a three-digit, nonzero number (these numbers need
not be consecutive). For each composition specified, corresponding thermal property data must be entered
to define the thermal conductivity and volumetric heat capacity as functions of temperature. The
temperature-dependence can be described by tabular data or by a set of functions. Defining thermal
property data for compositions not specified in any heat structure is not considered an error but does waste
storage space. Typical thermal property data for carbon steel, stainless steel, uranium dioxide, and
zirconium are stored within the program. The data were entered to demonstrate the capability of the code
and as a user convenience, and should not be considered recommended values. Input editing includes the
thermal properties, and a list of the built-in data can be obtained by assigning the built-in materials to
unused composition numbers in any input-check run. The thermal property data must span the temperature
range of the problem. Problem advancement is terminated if temperatures are computed outside the range
of the data.

Heat structures can have an internal volumetric heat source that can be used to represent nuclear,
gamma, or electrical heating. The internal volumetric source S(x,t) for the one-dimensional form of the
transient heat conduction equation is assumed to be a separable function of space and time; it is of the form

S(x,t) = PQX)P(t) 3.1-1)

where

Ps = a scaling factor
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Q(x) = a space distribution function in the x direction

P(t)

power.

The space distrubution function is assumed to be constant over a mesh interval but may vary from
mesh interval to mesh interval. Only the relative distribution of the space function is important, and it may
be scaled arbitrarily. For example, given a heat structure with two zones, the first zone having twice the
volumetric internal heat generation of the second, the input space distribution factors for the two zones
could be 2.0 and 1.0, 200.0 and 100.0, or any numbers with the 2-to-1 ratio. Zeros can be entered for the
space distribution if there is no internal heat source. If zeros are entered, the internal heat source will be

ZEr10.

As discussed in Volume I, the integral of the internal volume source for the one-dimensional form of
the heat conduction equation over the two sub-volumes on either side of a mesh point gives

[[[8(= DAV = PPO)(Quudin + Quadrn) - (3.1-2)
Y%

The term Py is the factor that relates the reactor power (or power from a table or control variable) to the

heat generation rate for a particular heat structure. Word 2 in the heat structure cards ICCCG701 through
1CCCG799 is used to enter Py. The term P(t) is the time varying function that may be reactor power, power

from a table, or power from a control variable. The volume weights 51\;1 and SYm are shown in Volume I,

Section 4.1. The space dependent terms for the left and right intervals, Q,,, and Q,,,, are calculated from

Qum = Qi i (3.1-3)
Zle, inputslvm + ZQrm, inputSYm

Qrm — Qrm, input (31-4)
z le, inputsl\lln + Z Qrm, inputsrvm

where the summation is over all the space mesh points for a particular heat structure. The space dependent

input terms for the left and right intervals, Q,,, i, and Q are entered in Word 1 (Q; jpy for the ith

rm, input *

interval) of heat structure cards 1CCCG301 through 1CCCG399. As shown in Equations (3.1-3) and
(3.1-4), the input terms Qi ippue @Nd Q. iy are relative values only; that is they are normalized by the

summations in the denominator to obtain the final Q,, and Q,, terms. It should also be noted that the

input terms Qi inpue @A Q. npye are multiplied by the volumetric weights 51\11“ and 8?;1 in the summations

in the denominator.
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The mesh point spacings, composition placement, and source space distribution are common to all
the heat structures defined with the heat structure geometry number, and only one copy of this information
is stored. If a heat structure geometry has this data in common with another heat structure, input
preparation and storage space can be saved by referencing the data in the other component. There are no
ordering restrictions as to which heat structure geometry may reference another; one heat structure
geometry may reference another, which in turn references a third, etc., as long as a defined heat structure is
finally reached.

An initial temperature distribution may be entered for each heat structure geometry. This initial
distribution is common to all heat structures defined with the same heat structure geometry number, but
storage space for temperatures is assigned to each heat structure. Referencing initial temperature
distributions in other heat structure geometries is allowed. Optionally, an initial temperature distribution
may be entered for each heat structure.

The input temperature distribution can be used as the initial temperature distribution, or initial
temperatures can be obtained from a steady-state heat conduction calculation using initial hydrodynamic
conditions and zero-time power values. The input temperature distribution is used as the initial temperature
guess for iterations on temperature-dependent thermal properties and boundary conditions. If a good
temperature guess is not known, setting the temperature of any surface connected to a hydrodynamic
volume equal to the volume temperature assists the convergence of the boundary conditions. The iteration
process is not very sophisticated, and convergence to 0.01 K occasionally is not obtained. Input of a better
initial distribution, especially surface temperatures, usually resolves the problem.

3.2 Heat Structure Boundary Conditions

Boundary condition input specifies the type of boundary condition, the possible attachment of a heat
structure surface to a hydrodynamic volume, and the relating of the one-dimensional heat conduction
solution to the actual three-dimensional nature of the structure. Each of the two surfaces of a heat structure
may use any of the boundary conditions and may be connected to any hydrodynamic volume. Any number
of heat structure surfaces may be connected to a hydrodynamic volume, but only one hydrodynamic
volume may connect to a heat structure surface. When a heat structure is connected to a hydrodynamic
volume, heat transferred from or to the heat structure is added to or subtracted from the internal energy
content of the volume. For both left and right surfaces, a positive heat transfer rate represents heat flow out
of the surface.

There is an input option to decouple a heat structure from the hydrodynamic components.
Decoupling a heat structure means that the heat structure responds to the hydraulic conditions in the
hydrodynamic volumes to which is is connected, but the energy removed from (or added to) the surface of
the heat structure by convection is not added to (or removed from) the hydrodynamic volumes.

A symmetry or insulated boundary condition specifies no heat transfer at the surface, that is, a zero

temperature gradient at the surface. This condition should be used in cylindrical or spherical coordinates
when the radius of the left-most mesh point is zero, though the numerical techniques impose the condition
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regardless of the boundary condition specified. If a rectangular geometry is modeled with both surfaces
attached to the same hydrodynamic volume, with the same boundary conditions, and having symmetry
about the structure midpoint, storage space and computer time can be saved by describing only half of the
structure. The symmetry boundary condition is used at one of the surfaces, and the heat surface area is
doubled. This boundary condition can also be used when a surface is very well insulated. The heat transfer
mode (for this case) listed in the printed output is zero.

When a heat structure is connected to a hydrodynamic volume, a set of heat transfer correlations can
be selected by the user (Cards 1CCCG501 through 1CCCG599 and 1CCCG601 through 1CCCG699,
Word 3 =1 or 1nn) as boundary conditions. The correlations cover the various modes of heat transfer from
a surface to the fluid, and the reverse heat transfer from the fluid to the surface. The heat transfer modes
(for this case when the heat transfer correlations are selected by the user) listed in the printed output are:

Mode 0 Convection to noncondensable-vapor-liquid mixture.

Mode 1 Single-phase liquid convection at supercritical pressure.

Mode 2 Single-phase liquid convection, subcooled wall, low void fraction.

Mode 3 Subcooled nucleate boiling.

Mode 4 Saturated nucleate boiling.

Mode 5 Subcooled transition boiling.

Mode 6 Saturated transition boiling.

Mode 7 Subcooled film boiling.

Mode 8 Saturated film boiling.

Mode 9 Single-phase vapor/gas convection or supercritical pressure with the void fraction greater
than zero.

Mode 10 Condensation when the void fraction is less than one.

Mode 11 Condensation when the void fraction equals one.

Mode 12 Heat flux non-positive from nucleate boiling.

If the noncondensable quality is greater than 10", 20 is added to the mode number. If the structure is
a reflood structure, 40 is added. Thus, the mode number can vary from 0 to 72.
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Generally, the hydrodynamic volume will not be a time-dependent volume. Caution should be used
in specifying a time-dependent volume, since the elevation and length are set to zero, and the velocities in
an isolated time-dependent volume will be zero. Note that the current version of the code does not allow an
isolated standard volume or an isolated time-dependent volume.

Users now have the option to be more specific about the type of hydraulic volume a heat slab is next
to. Most of the default heat transfer coefficients originate from data taken inside vertical pipes. Users can
now specify that the fluid is flowing between parallel plates, in a vertical or horizontal rod or tube bundle,
or below a flat plate. When modeling a vertical bundle, the rod or tube pitch-to-diameter ratio should be
input. This has the effect of increasing the convective part of heat transfer such that users can input the true
hydraulic diameter and get reasonable predictions.

Other boundary condition options that can be selected are: setting the surface temperature to a
hydrodynamic volume temperature, obtaining the surface temperature from a temperature-versus-time
general table, obtaining the heat flux from a time-dependent general table, or obtaining heat transfer
coefficients from either a time- or temperature-dependent general table. For the last option, the associated
sink temperature can be a hydrodynamic volume temperature or can be obtained from a
temperature-versus-time general table or control variable. These options are generally used to support
various efforts to analyze experimental data and do not contain all the physics present in the boundary
condition options that use the heat transfer correlations. The user needs to use caution when using the heat
flux boundary condition. If the heat flux is too large (positive or negative), a numerical failure may result.
The heat transfer mode (for this case) listed in the printed output is zero.

The various boundary condition options are input through heat structure input cards. The following
table (Table 3.2-1) shows the available options for Cards 1CCCG501 through 1CCCG599 and 1CCCG601
through 1CCCG699, Words 1 and 3:

Table 3.2-1 Boundary condition options

Word1<0
Word1=0 Word1>0
Word 3 Symmetry or Insulated Boundary Volume General Table or
y y y Control Variable
0 qw=0 | e e
h, =0
lorlom | - correlations for hypand | -
hWg
1000 TW = TSil‘lk =0 TW = TSil‘lk = ang + OLfo TW = TSil‘lk from table in
Word 1
1xxx T, = f(time) T, = f(time) T, = f(time)
Tsink =0 Tsink = OCng + O(fo Tsink from table in Word 1
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Word 1 =0 Word 1> 0 Word 1<0
Word 3 Symmetry or Insulated | Boundary Volume General Table or
Control Variable
2XXX gy = f(time) qy = f(time) qy = f(time)
Tgink=0 Tgink = 0Ty + 04T Tink from table in Word 1
Qwg = (1/2)q, Qwg = OlgQy Qwg = (1/2)qy,
3xxx hy, = f(time) hy, = f(time) hy, = f(time)
hWg = (1/2)hy, hWg = ocghW hWg = (1/2)hy,
Qw = hy(Ty, - Tgink) Aw = hy(Ty - Tgink) Aw = hy(Ty, - Tgink)
Tk =0 Tgink = 0t T + 04Ty Tgink from table in Word 1
Qwg = (1/2)qy, Qwg = OlgQy Qwg = (1/2)qy,
4XXX hy, = f(Ty,) hy, = f(T,) hy, = f(Ty,)
hyg = (1/2)hy, hyg = Oghy, hyg = (1/2)h,,
AQw = hy(Ty - Tgink) Aw = hy(Ty, - Tgink) Aw = hy(Ty, - Tgink)
Tk =0 Tgink = 0t T + 04Ty Tgink from table in Word 1
Qwg = (1/2)qy, Qwg = OlgQy Qwg = (1/2)qy,

A factor must be entered to relate the one-dimensional heat conduction representation to the actual
heat structure. Two options are available for entry: either a heat transfer surface area or a
geometry-dependent factor. For rectangular geometry, the factor is the surface area; there is no difference
in the options. In cylindrical geometry, the heat structure is assumed to be a cylinder or a cylindrical shell,
and the factor is the cylinder length. For a circular pipe where a hydrodynamic volume represents the
flowing part of the pipe and a heat structure represents the pipe walls, the factor equals the hydrodynamic
volume length. For a hydrodynamic volume representing a core volume with fuel pins or a heat exchanger
volume with tubes, the factor is the product of the hydrodynamic volume length and the number of pins or
tubes. In spherical geometry, the heat structure is assumed to be a sphere or a spherical shell, and the factor
is the fraction of the sphere or shell. For a hemisphere, the factor would be 0.5. Except for solid cylinders
or spheres where the inner surface area is zero, one surface area can be inferred from the other and the
mesh point spacing information. Nevertheless, both surface areas must be entered and an input error will
exist if the surfaces are not consistent. Consistency is defined to be such that the difference between the

calculated left and right factors (or the input left or right factors) must be < 107 times the sum of the
calculated left and right factors (or the input left and right factors). This requirement is easily met with the
second option of entering a geometry-dependent factor, since the factor is the same for the left and right
boundary.

3.3 Heat Structure Sources

Volumetric heat sources for heat structures consist of the product of an input scaling factor, an input
space-dependent function, and a time function. The space-dependent distribution has been discussed. The
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time function may be total reactor power, fission power, or fission product decay power from the reactor
kinetics calculation; may be a control variable; or may be obtained from a general table of power versus
time. Input data provide for three factors. The first factor (scaling factor) is applied to the power to indicate
the internal heat source generated in the structure. This means that in steady-state, heat equal to the scaling
factor times the time function power value would be generated in the heat structure and transferred out
through its left and right surfaces. If P(t) is the power in Watts and Py is the scaling factor, then Py P(t) is the

heat generated in Watts. Within the program, this scaling factor is divided by the summation of the
space-dependent function times the volume for each interval to allow for the arbitrary scaling of that

function. After this scaling, the internal volumetric heat source is in the required units of Watts/m>. The
volumetric heat source of an interval can be converted to the internal heat source (in Watts) of an interval
by multiplying by the volume of the interval. The other two factors provide for the direct heating of the
fluid in the hydrodynamic volumes attached to the surfaces. Heat equal to the factor times the power value
is added to the internal energy of the fluid in the hydrodynamic volume. If P(t) is the power in Watts and P¢

is the factor, then P; P(t) is the heat added to the fluid. The total direct heating added to a volume is the sum

of the direct heating from all structures connected to the volume. Zeros are entered where no heat source or
hydrodynamic volumes exist. In a reactor problem, if a power value represents the total reactor power

generated and if this power is totally accounted for in the RELAP5-3D® model, then the sum of these
three factors over all the heat structures representing that power value should equal one. The summing to
one is not required, and no checks are performed by the code. In many instances, the power will not only
be applied to the heat structures representing the fuel but also to the heat structures representing such items
as the downcomer and pressure vessel walls.

3.4 Heat Structure Changes at Restart

At restart, heat structures may be added, deleted, or replaced. Since heat structure input data are
organized with respect to a heat structure geometry, all heat structures with the heat structure geometry
number are affected.

Composition and general table data can also be added, deleted, or replaced at restart. A transient or
steady-state problem terminated by a heat structure temperature out of range of the thermal property data
can be restarted at the restart prior to the termination by replacing the thermal property data.

3.5 Heat Structure Output and Recommended Uses

Up to six sections of heat structure output are printed at major edits. The first section prints one line
of heat transfer information for each surface of each heat structure. Each line provides the heat structure
number; a left or right surface indicator; the connected hydrodynamic volume or, if none, zero; surface
temperature; the heat transfer rate; the heat flux; the critical heat flux; the critical heat flux multiplier; the
mode of heat transfer; and the heat transfer coefficient. The first line for each heat structure also includes
the heat input to the structure, the net heat loss from the structure, and the volume-average temperature for
the structure. The critical heat flux multiplier is the value used to multiply the value from the CHF table.
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The second section prints the mesh point temperatures for each heat structure. This section can be
suppressed by an input option.

The other optional sections include output on reflood, metal-water reaction, rupture, and radiation.

For the heat structure additional boundary cards (1CCCG801 through 1CCCG899 and 1CCCG901
through 1CCCG999), it is suggested to use zero for the heat transfer hydraulic diameter (D) (i.e., the

heated equivalent diameter) for a uniformly heated tube or channel. When zero is used, the heat transfer
hydraulic diameter is set the same as the volume hydraulic diameter (D)) at the boundary volume, which

should be determined by the user from

flow area
wetted perimeter

D, = 4 (3.5-1)

For tube and channel tests, the same scaling method used in the hydraulic calculation should be used in the
heat transfer calculation.

If the heat structure does not represent uniformly heated pipe or channel walls, the default should not
be taken. The heat transfer hydraulic diameter should be determined by the user from

flow area

D . .
h heated perimeter

(3.5-2)

e —

3.6 Reflood Model

The reflood model is designed so that it can be activated at low pressure (less than 1.2 x 106 Pa) with
nearly empty conditions (average void fraction in a connected stack of hydraulic volumes > 0.9) or dryout
beginning (average void fraction in a connected stack of hydrodynamic volumes > 0.1) or by user
command through a trip. The model considers a heat-structure geometry composed of 1 to 99 heat
structures as a reflood unit. As there is no input specification for the length of a structure (except for the
heat structure surface), such length is inferred from the length of the boundary volume connected to the
heat structure. It is the user’s responsibility to make certain that the length of a heat structure corresponds
to the length of its connected volume for reflood calculations.

Additional suggestions concerning the use of the reflood model are listed below:
1. The appropriate user-specified maximum number of axial fine mesh intervals is 8 to 32.
No significant differences have been found in using 16 to 128 axial nodes for 0.18-m (0.6

ft) long heat structures.

2. The appropriate length of hydrodynamic volumes is 0.15 to 0.61 m (0.5 to 2.0 ft).
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3. The maximum user-specified time step size is 0.01 to 0.05 seconds.

4. Each reflood unit should have its own flow channel and parallel flow channels should be
connected by crossflow junctions.

5. The reflood model is only operational on the right side of a heat structure when the
corresponding left side is a insulated boundary (non-convective). Other combinations,
such as reflood on the right boundary combined with a convective left boundary, or any
use of reflood on the left boundary, are currently not operational.

The number of heat-structure geometries that can be specified for a reflood calculation is limited
only by computer storage capacity. The heat transfer modes that appear in the mode column of the major

edit are the same as those that appear when reflood is not activated except that 40 is added (see Section
3.2).
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4 Trips and Controls

4.1 Trips

Extensive trip logic has been implemented in RELAP5-3D® . Each trip statement is a single logical
statement, but because trip statements can refer to other trip statements, complex logical statements can be
constructed.

There are two aspects to trip capability: (a) to determine when a trip has occurred, and (b) to

determine what to do when a trip occurs. In the modular design of RELAP5-3D® | these two aspects have
been separated. The term trip logic refers only to the first aspect and includes the input processing of the
trip statements and the transient testing to set trip status. The action to be taken when a trip occurs is
considered to be part of a particular model, and that aspect of trip coding is associated with the coding for
the model. Examples of the second aspect of trips are the effects of trips on pump models and check
valves.

Trip capability provides for variable and logical trips. Both types of trips are logical statements with
a false or true result. A trip is false (that is off, not set, or has not occurred) if the result is false. A trip is
true (that is on, is set, or has occurred) if the result is true. Trips can be latched or unlatched. A latched trip,
once true (set), remains true (set) for the remainder of the problem execution, even if conditions change
such that the logical statement is no longer true. An unlatched trip is tested at each time step, and the
conditions can be switched at any step.

A TIMEOQOF quantity is associated with each trip. This quantity is always -1.0 for a trip with the value
false. When a trip is switched to true, the time at which it switches replaces the value in TIMEOF. For a
latched trip, this quantity once set to other than -1.0 always retains that value. An unlatched trip may have
several TIMEOF values other than -1.0 during a simulation. Whenever an unlatched trip switches to false,
TIMEOF becomes -1.0; when true again, the new time of switching to true is placed in TIMEOF. The
TIMEOF quantities are used to effect delays in general tables, time-dependent volumes, time-dependent
junctions, and pump speed tables, and can be referenced in the control system.

Two card formats are available for entering trip data. All trips for a problem must use the same
format. At restart, the same format must be used for trip modifications unless all trips are deleted (Card
400) and desired trips are reentered. The default format uses Cards 401 through 599 for variable trips and
Cards 601 through 799 for logical trips. The trip number is the same as the card number. Up to 199
variable trips and up to 199 logical trips can be defined. An alternate format is selected by entering Card
20600000. Trip data are entered on Cards 206NNNNO, where NNNN is the trip number. Trip numbers 1
through 1000 are variable trips, and trip numbers 1001 through 2000 are logical trips. The alternate format
allows 1,000 trips each for variable and logical trips.

As trips are input, the default initial value is false. Optionally, the TIMEOF quantity may be entered.
If -1.0 is entered, the trip is false; if O or a positive number is entered, the trip is true, and the entered
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quantity is the time the trip turned true. This quantity must be less than or equal to the time of restart. For a
new problem, 0.0 must be entered.

Several options are available on restart. If no trip data are entered, trips are defined at restart with the
values at restart. It is possible to delete all trip definitions and enter completely new definitions. Individual
trips can be deleted or redefined, and new trips can be inserted. Individual trips can be reset to false. At
restart, a latched trip can be reset. Detailed discussions and examples of the use of trips are presented in
Section 4 of Volume V of this code manual.

4.1.1 Variable Trips

A variable trip evaluates a comparison statement relating two variables and a constant using one of
the relationships, equal (EQ), not equal (NE), greater than or equal (GE), greater than (GT), less than or
equal (LE), or less than (LT). The variables currently allowed are listed in the Input Requirements
(Appendix A). Most variables advanced in time are allowed, and any variable that is permanently stored
can be added to the list. The only restriction on the two variables is that they have the same units. Thus, a
hydrodynamic volume temperature can be compared to a heat structure temperature, but a pressure cannot
be compared to a velocity. The variable trip statement is

L
NUM VARl OP VAR2 + CONSTANT [NJ TIMEOF (4.1-1)

where NUM is the card number; VAR1 and VAR?2 each consist of two words that identify a variable, the
first word being alphanumeric for the variable type, the second word being a number associated with the
particular variable; OP is the comparison operation; CONSTANT is a signed number to be added to VAR2
before comparison; and either L or N is used to indicate a latched or unlatched trip. TIMEOF is the
optional initialization value. A special form NULL,0 is used to indicate that no variable is to be used.
VAR2 must be NULL,0 if VARI1 is to be compared only to the constant. Either VAR1 or VAR2 may also
be TIMEOQF, trip number. The trip number may refer to either a variable or a logical trip. When a variable
trip statement references a TIMEOF variable whose value is -1.0 (i.e., the trip is false), the evaluation of
the variable trip is bypassed. Thus, the value of the variable trip remains the same as it value on the
previous time step.

Three examples of variable trips are

501 P,3010000 LT NULL,0 1.5+5 N
502 P,5010000 GT P,3010000 2.0+45 N
510 TIME,O GE NULL,0 100.0 L

Trip 501: Is the pressure in volume 3010000 < 1.5 bar (1 bar = 103 Pa)?
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Trip 502: Is the pressure difference between volumes 5010000 and 3010000 > 2.0 bar?
Trip 510: Is the current advancement time > 100 s?

Use of the equal (EQ) or not equal (NE) operator should be avoided because fractions expressed
exactly in decimal notation may not be exact in binary notation. As an example, assume a time step of
0.01. After ten advancements, the time should be 0.10, but an equality test of time equal to 0.10 would
probably fail. An analogous situation is dividing 1 by 3 on a three-digit decimal calculator, obtaining
0.333. Adding 1/3 three times should give 1.000, but 0.999 is obtained.

4.1.2 Logical Trips

A logical trip evaluates a logical statement relating two trip quantities with the operations AND, OR
(inclusive), or XOR (exclusive). Table 4.1-1 defines the logical operations where O indicates false, 1
indicates true. The table shows the result for each combination of true and false for two operands for each
of the logical operations. Each trip quantity may be the original value or its complement. (Complement
means reversing the true and false values; that is, the complement of true is false.)

Table 4.1-1 Logical operations.

Operands/Operation AND OR XOR
Tripl ojojrj1f{oyojrj1yo010]|17]1
Trip2 0{1/0}1j]0(1}]0]1(0]1]0]|1
Result o0j0ojoj1f{oy1jrjy1yo041j14]0

The logical trip statement is:

L
NUM +TRIPI OP +£TRIP2 [N} TIMEOF (4.1-2)

where NUM is the card number, TRIP1 and TRIP2 are either variable or logical trip numbers, OP is the
logical operator, L. or N are for latched or unlatched trips, and TIMEOF is the optional initialization value.
A positive trip number means the original trip value; a negative number means the complement value.
Examples of logical trips are

601 501 OR 502 N

602 601 AND 510 N

620 -510 OR -510 N
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Trip 602 involves a previous logical trip and illustrates the construction of a complex logical
statement. With the definitions given in the examples above and using parentheses to indicate the order of
logical evaluations, Trip 602 is equivalent to {(Pressure 3010000 < 1.5 bar) OR [Pressure 5010000 >
(Pressure 3010000 + 2.0 bar)]} AND (Time > 100 s). Trip 620 is the complement of Trip 510, and the
AND operation in place of the OR operation would also give the same result. Additional examples of trips
are presented in Volume V of this code manual.

4.1.3 Trip Execution

The trip printout for a new problem at time equal to 0 seconds shows trips as they were entered at
input. On restarted problems, the trip printout at the restart time shows input values for new and modified
trips and the values from the original problem for the unmodified trips.

Trip computations are the first calculation of a time step. Thus, trip computations use the initial
values for the first time step and the results of the previous advancement for all other advancements.
Because trips use old values, they are not affected by repeats of the hydrodynamic and heat structure
advancements.

Trips are evaluated in order of trip numbers; thus, variable trips are evaluated first, then logical trips
(refer to the discussion of trips in Volume I). Results of variable trips involving the TIMEOF quantity and
logical trips involving other trips can vary, depending on their position relative to other trips. As an
example, consider

6XX -650 OR -650 N

which just complements Trip 650. Also, assume Trip 650 switches to true this time step, and, thus, 650 was
false and 6XX was true previous to trip evaluation. At the end 